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Abstract:

The importance of sessile microbial populations in aquatic environments has been recognized for many
years especially the heterotrophic slimes under polluted conditions. The extensive literature included in
this dissertation review indicated that models proposed by previous researchers to predict substrate
degradation in streams have been based on assumptions of first order or saturation kinetics
incorporating mainly the substrate utilization by suspended biomass.

The goal of this research is to determine substrate utilization and growth kinetics of heterogeneous
river biofilms in multi-substrate environments. The East Gallatin River in Bozeman, Montana was
chosen for the study because of its proximity, and the dense biofilm growth below the sewage outfall.
A preliminary study was conducted in 1979 to evaluate the status of the river below the sewage outfall
and formulate hypotheses. The detailed investigation carried out subsequently looks at two important
aspects of organic carbon degradation in a shallow stream: (1)It determines the kinetics of organic
carbon utilization by river biofilms using a pilot plant channel and compares the effectiveness of
suspended microbial population in removing organic carbon with the biofilm community. (2) It verifies
the mathematical models formulated for application to river water quality under steady state conditions
for the substrate and biomass. River data collection included hydraulic, water quality and biofilm
parameters over the summers and fall of 1979, 1980 and 1981.

The preliminary study results showed that all the water quality parameters measured returned to
background levels within seven miles below the outfall and that biofilm growth controlled the organic
degradation below the sewage outfall. The results of the kinetic studies done established first order
kinetics for soluble organic carbon utilization by river biofilms in a specified range of substrate
concentrations, flow velocities and temperature. The measured and predicted values of the proposed
models for describing organic carbon degradation and biomass changes showed good agreement.
Sensitivity analyses of hydraulic and biofilm parameters were also carried out to determine the impact
of the variability of the parameters on the substrate decay.
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ABSTRACT

The importance of sessile microbial populations in aquatic environments has been
recognized for many years especially the heterotrophic slimes under polluted conditions.
The extensive literature included in this dissertation review indicated that models proposed . -
by previous researchers to predict- substrate degradation in streams have been based on
assumptions of first order or saturation kmetlcs mcorporatmg mainly the substrate util-
1zat10n by suspended biomass.

The goal of this research is to determine substrate utilization and growth kinetics of
heterogeneous river biofilms in multi-substrate environments. The East Gallatin River in
Bozeman, Montana was chosen for the study because of its proximity, and the dense
biofilm growth below the sewage outfall. A preliminary study was conducted in 1979 to
evaluate the status of the river below the sewage outfall and formulate hypotheses. The
" detailed investigation carried out subsequently. looks at two important aspects of organic

carbon degradation in a shallow stream: (1) It determines the kinetics of organic carbon
utilization by river biofilms using a pilot plant channel and compares the effectiveness of
suspended microbial population in removing organic carbon with the biofilm community.
(2) It verifies the mathematical models formulated for application to river water quality
under steady state conditions for the substrate and biomass. River data collection included
hydraulic, water quahty and biofilm parameters over the summers and fall of 1979 1980 .
and 1981 . , ‘

The preliminary study results showed that all the water quality parameters measured
returned to background levels within seven miles below the outfall and that biofilm growth
controlled the organic degradation below the sewage outfall. The results of the kinetic
studies done established first order kinetics for soluble organic carbon utilization by river
"biofilms in a specified range of substrate concentrations, flow velocities and temperature.
The measured and predicted values of the proposed .models for describing organic carbon
degradation and biomass changes showed good agreement. Sensitivity analyses of hydraulic
and biofilm parameters were also carried out to determine the impact of the varrablhty of
the parameters on the substrate decay




- INTRODUCTION

Mathematical models have been used widely in the past decade in simulating water
quality and ecological interactions. The 1ncreased use and development of water quality
models may be attnbuted to the Water Pollution Control Act amendments of 1972
(PL 92-500) which call for areawide wastewater plannmg across the United States. The
Government ‘Affairs Committee 8 Criteria and Standards Task Group, while recognizing
the need for the re-evaluation of the goals of the 1972 Water Pollution Control Act,
emphasized the ‘importance of using calibrated models for realistic vvaste load allo‘cations.

Mathematical simulation techniques are useful as long as the physical mechanisms
involved are accurately reflected in the model. In this resi)ect, river systems can be ex-
pected to behave differently depending on the category they belong to. They can 'b‘e tidal,
non-tidal, swift moving, shallovv or sluggish deep streams. The signiiicant physical and
biological mechanisms involved in water quality modeling can be quite different m each
class of river system Shallow rivers for example, present problems in modelmg qu1te
different from that of deep rivers. The microbial population, sessile or suspended dom1-
natmg water quahty modeling in various categones of rivers can be d1fferent. The impor-
t_ance of sessile microbial por)ulations in aquatic environments has been recognized for
many years. .Natural bioﬁlrns growing on a river bed are composed primarily of algae and
bacteria, appearing as a niass of slime.~Under polluted conditions below a sewage outfall,
the slimes are.predominantly heterotrophic. In modeling organic carbon biological slimes
covering the stream bed play a major role especially in shallow turbulent streams. The

kinetics of substrate uptake may vary dependmg on the range of substrate concentrations
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encountered in a study. In most studies involving modeling of natural systems, researchers
arbitrarily aésume the kinetics of .substrate uptake, as it is difficult to determine it in each
" case. HoWever, the critical problem is to determine which microbial popuiation, éuépended,
_ attached or both play the dominant function in substrate assimilation. The appropriate
l;inetjc.expression may then be ‘utilized in the stream model. Thus, identifying'the appro-
priate kinetics of the pr'olcesses.becomes imperative in modeliné any sysfem.
‘This re_search is multidisciplinary in the éreas of water quaiity and micfobia'l ecology,
| elucidating biofilm effect‘s on stream water quality. The study was designed to make; use of
the advances made in biofilm kinetics and cquple it with mathematical -modeling of river
systems. The _résearch approach was to carry out an artificial stream étudy‘to determine the
‘kinetics of the substrate uptake and then use such information in the proposed §tream
mo_delé to study the applicability of such models in predicting organic carbon and biomass
variations _belo.w a point source of pollution. The East Géllatin. River which receives a par-.
tially treated sewaéé effluent from the Bozeman Wastewater Treatment Planf was used for.
ﬁeld studies. The results of the stﬁdy provide useful information in terms of assessing the
impbrtant microbial population in shallow strea.ms. and the order of kinetics of substra‘te

uptake by river films in a specified range of substrate cbncentrations‘,




GOAL, OBJECTIVES AND SCOPE OF STUDY - .

The tesearch carried out encomb_asses thebreti_cal, as well as field and pilot plant scale
phases of study. | | |

Modeling substrate and biomass in natutal environments is complicated by the com-
plex microbial communities and the presence of an undefined substrate. The goal of this
research is to determine the growth and substrate utilization ktnetics.of river biofilms in
multi-substrate natural environments.

‘The theoretical -objectives ,we"re fo 'prqv"ide an extensive aﬁd critical review of the
literature giviﬁg a background on microbial adhesion in natural envtronments, reactor
_kinetic' studies done on microbial films and past modeling efforts, complete with a sum-
mary and a critique, and to: formulate substrate-biomass models based on. vtheoretical

considerations for organic carbon use and biomass variations below a sewage outfall in a
stream.

An artificial channel was constructed on the river bank for the pilot plant scale study:
(15 To determine the kinetics_ of organic carbon uptake rate by river biofilms under field
conditions, (2) To compare the importance of the suspended mictobtal population to the
sessile organisms in predlctmg the organic carbon uptake in shallow turbulent streams
Several runs were made, each for five hours to establish steady state condltlons w1th
' attaehed_ biomass grown on plexiglass plates. Control runs at high and low substrate con-
centrations werel"n.l‘ade withotit using the attached biohlass to assess the importance of

suspended microbial populatiens. The folloWihg parameters were measured during‘ each
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run: pH, DO,‘ tempe-rature, TOC, SS, V§S. Chlorophyll, biomass and thi_ckness measure-
ménts were also made on the aftéched films. ' |

The inform.ation obtained from the expeﬂfﬁental study' anc-_l the ﬁeid data collected
: wereAuse'd to vérify ’the sﬁbstrate biomass models formulated under s'teady s.tate conditioﬂs.
The river data collected for the validation of the model included water quality and biofilm
growth Kinetic paramétefs measured at six sites, one al_)ove and five below the sewage
.outfall over three summers. The first. summer period was used as a preliminary study
period to formulate hypotheses. The generél structure of the biofilms was also studied

using electron microscopy.




LITERATURE REVIEW

Thé review of the pértinent litefature is categorized into three main sections. The first
sgction deals yvith background information on .bacterial adhesion mechanisms and the role
of _at_tache;i ba..cteria as a major. component. of the assimilative capﬁcity in river ssrstems.
Subsﬁate kinetic studies of sps_pended ‘biomass and biofilms, the transfer and transfor- |
mation proceﬁses reiated to_ modeling distributions of substrates are reviewed in'the second
section in addition to published water quality models. The final séction gives a summary ‘
and a critique of the relevant lit'era_ture described in the previous segtions; Several terms
such as slimes, sewagé fungus, periphyton, aufwuchs have been used in the literature
to refer to the attached microbial growths in streams. In this study, for simplicity and
convenience, the terms biofilm or slime layer will be used which refer to the gelatinous
film formed on sﬁbmerged_ surfaces such a.s rocks ahd includes both living and non-living

materials.

Background Information

The occurrence of excessive biological growths in streams is of increasing. concern to
enﬁronmentalists becaus;a -of ‘their effect on aquatic life and oxygen resources. The micro-
organisms in ;‘ivérs and streams can be attached to the streambed or suspended in the
overlying water. The logical quest_ion to be asked at this point is why do microorganisms
attach to a surface and hc;w dc; they achieve attachment? It is imperative to un.derstand- fhe
" nature and the mechanisms by which microorganisms espeqially bacteria attach to the

cobbles and rocks in streams before analyzing their effects on water quality.
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Nature and Significancg of Microbial Adhesion
A review of recent literature throws considerable light on the advantaéés that sessile
,microorganisnis more specifically bacteria and algae have, compared to the suspended
organisms in extracting food from fast.flowing streams especially in nutrient limited
conditions. Costerton (24) found that a sciuare centimeter of an immersed surface might .
typically have as many as a million attached bacteria whereas a cubié centimeter of water -
ﬂowin_g over that surface contained only a thousand bacteria. This; was also revealed by
Geesey (42) who demonstrated the significance of sessile bacteria over those free ﬂoat'iﬁg "
in unpolluted mountain streams. Tﬁe attachment makes life easier for bacteria in a station-
ary location from where they could easily extract the organic molecules and nutrients from
the passing water. Characklis (19) concluded from his review that sessile bacterial growths
are an essential part of the assimilative capacity of tivers. Saﬁders (110) compared sus-
pended aﬂd attached organisms in a river to batch and continuous cultu_res. Tﬁe population
that adheres, forms a thick slime layer on rocks in the streambed especi\ally when there is
organic enrichment. Thé East Gallatin River downstream of the sewage outfall in Bozeman,
Montana with its cobbly bed was shown to have dense slime layers for a considerable
distance (78,105). The nature of these slime layers above and below the sewage. outfall
varied. due to the organic enrichment below the outfall. Costerton 25) fouﬁd planktonic
organisms faVoring the “adherent growth habit” in aquatic systems. Hendricks (51) used
‘ respiratory and enzymatic data to establish that sessile microorganisms weré more active
than those _suspended. The major role in recycling of substrates by §lime layers has been

long suspected by Zobell (1 50).




Composition and Organisms of Slimes

Composition and colonization. Due to ifé hydrated nature which cont?ins as much as

98% water, the capsular material surrounding bacteria is slimy and has almost the same

refractive index as the medium (143)._ The slime composition has been reported to be

| predominantly cérbohydrate with small amounts of nitrogen (19). Mackie (70) reported

that the slimy material surroundil"lg bacteria was composed mainly of polysaccharides and
that thé thicknesé varied according to nutritional and environmental requirements. Ward
and Berkeley (133) reported that most of the bacterial polysaccharides é.re composed of
more than one type of sugar residue often‘ co'ntainin'g uronic acids and/or pyruvyl ketal
groups which are responsible for the polymer having an overall nega;cive charge. Using
phase contrast and electron microscopy, Ceesey (41) examined the in-sitﬁ distribution of
cells revealing that they were enmeshed in an extenéjye “fibrous matrix.” It was further
_determineci that this material suﬁounding the bacteria ;avas produced by the bacferi'a .
themselves. Using staining procédures on slime, Fletcher (38) and Jones (58) determined
that it was composed of an anionic polymer with the characteristics of .polysaccharideé.

Several studies reported micro-colony development in slime layers (24,41) formed by
a mass of tangled polysaccharide fibers suggesting that the glycocalyx may group bacteria
in a sﬁmewhat organized community with several niches for different species. Such adher-
ent pépulations tend to reépohd uniquely to changes in .nutrient or environmental con-

ditions. Most of the natural bacterial films are interspersed among algae forming a mixed

* attached population which was evident from several electron micrographs (25). Algée have

polyéacchai'ide fibers similar to bacteria and the initial coloniz_atibn may be accomplished

by either bacteria or algae. There is not enough evidence in the literature to determine
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which of the two, algae or bacteria, colonize first in natural environmehts. Geesey (42) on
the basis of electron microscopy showed that the attached algae provided a suitable surface

for bacterial colonization. Algae would provide the surface and nutrients for bacterial

growth. The electron micrographs obtained in this study support.this'finding as shown

spbsequénﬂy. Hendricks (5 1) considered a primary layer of bacterial growth as necessary

for subsequent colonization by higher life forms. Baier (7) believed that the primary layer

of bacterial g'rdwth changes the critical surface tension of the monolayer, helping higher .

life forms to colonize subseﬁuently. Marshall (77) suggested zymogenous chemoorgano-

trophs to be the initial colonizers .fbllowed by oligotrophs and other higher forms. What- -

ever group of 6rganisms colonize first, it certainly helps subsequent colonization by others.
In general, only viable cells can colonize fir'st.as suggested by Meadows (83) because

of their ability to withstand stresses.

Organisms of slime layers. In general, a slime layer would have micro and macro

" organisms consisting of procaryotes, eucaryotes and macroinvertebrates. In the context of

this study, the macroorganisms are not considered. Aquatic biofilms generally are com-

posed of phototrophs, heterotrophs and reducers (126). Sanders (109) reported that even

though slimes in natural streams are comﬁosed of predatory, phototrophic and chemo-
‘trophic microorganisms, fhe main population was.the heterotrophs. All these organisms
live together in niches fqrming' an interacting ecological community. The most prominent
and important filamentous bacteria found in slimes was Sphaerotilus which g‘rewvas a chain

of cells encased in filamentous sheaths (26,31)."
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The occurrence ‘of Sphaerotilus natans in the East Gallatin 'River as fér as six miles
below the sewage outfall hz;ls been reported (78;105). It is not ehtirely cértain what eﬂvi—
rdr_miental factors allow Sphaerotilus to grow massively in competition _wifh other organ-
isms. Dias (31) found that Sphaerotilus would groW even at regiuped DO levels whereas
such an environment was léss favorable to othgr attached bacteria in a mixed populétiqn.
Curtis and Curds (26) examiﬁed and compared the,co:ﬁpositioﬂ of the slimeé in differgnt
polluted habitats. The ﬂinie;s were dominated by .Sphaerotih‘ts natans which require a
conti_nuous flow of nutrients and at least 1 mg/l DO, or zoogleal bactéria. The bacteﬁa
. Thiotrix,. Beggiotoa and the Zoogleal bac.tleria were found to become .'abundgnt with .
tl_le development of slg'me (52). Most sewage fungus outbreaks were call.lsed' in situétions
when the soluble organic carbon concenttafioné were in thg range of 6 to 20 mg/l an& '
'where'd‘aytim‘e‘ DO exceeds‘8 mg/l (59). Nitrifying bacteria_l have beén found in slimes in
the presence of 'amrrioﬁia in rivers. Based on field meaéuréments in shallow stfeams, Tuffey
(130) concluded that the drastic decay of arﬁmdnia_ nitrogen was caused by‘hitr.ificatioﬁ
» by the attached population of nitrifying bécteria. The findings from this study and.Cur_tis
(28) indicated that substantial numbers of nitrifying bacteria were found on the mud
éurféce 6n the river be& ’ghroughouf the river with a considerably lesser concenj:ratioﬁ in

the waterphase contributed by scour from the slimes.

Functional Aspects of Biofilms Including Their Activity

A natural .bio_ﬁlm beg:a_use‘ of autotrophic and héterotrophic_ groups of organisms
mixed together present difficulties in compartmentalizing, in order to obtain quantitative
information on the heterotrophs. Under polluted conditions; the heterotrophic fraction of

the biomass is much higher than the autotrophic ffaction,. Common measurements of '
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periphyton involved: s;).ecié_sl diversity; indices of community structure; dry.weight (I_)W)
an‘(_i‘ ashfree dry weight (AFW); ph&topigments;-biovbhime. Recent papers in the literature
showed the interest of researchers to study the funétiqﬂal aspe-cts'of natural biofiims
through the analysis of oxygen production land 14C assimilation (5 9‘,88,103). More
recently, there has been a trend towards the measurement of adenosine triphosphate (ATP)
as an indication of the .viable biomass (21,1 39_). More fealistic estimates of bacterial counts
have also been reported using Epi—illuminated fluorescence microscopy (15,54).
Heterbgeneous natural populafiqns méy be partitioned by use of es1_:imates of dry

weight, .asl'l-.freé 'dry weight, Chlorophyll a and ATP (21). Weber and McFarland (135)
emphasized the importance of Chlorophyll a as the primary photosynthetic pigment, the
only form found in all algae ‘and suggested a'me'thod of estimating the algal biomass.
Geesey et al. (42) used a conversion factor of 60 to esi:imate cellular carbon from chloro-
phyll measurements. Others have providéd methods fof organic_ ‘carbon estimates fro'm‘
chlorophyil measﬁreménts (73,79). Commonl.y employed values for ratios of mg cellular
carbon toh mg Chl. a range from 30 to 60 (21). By carefully combining the organic carbon
- estimates based on these different methods, the _sample may be partitioned into auté-
trophic and heterotrophic components and viabie and nonviablg or.gam'c carbon. Proi)lems
of direct measurement of orgaﬂic carbon in hetergeneous microbial communitiés have beeﬁ

mentioned by some investigators (21,42). -

Mechanisms of Microbial Adhesion
The methods by which microbes adhere to surfaces have been of concern and con-

sideration in the past few years. The pfoblem of destruction aﬁd shearing of slimes,
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especially the latter, requires a thorough knowledge of the modes of microbial attachment -
to surfaces. Exberiménts have demonstrated that due to some strong mechanisms of
attachment, even extensive washing would not remove these attached growths (150).

Biocontact theories are presently based rﬁostly on colloid stability theofy '(or DLVO
theory). The colloid 'stabilify theory involves complex calculations of ionic double layer
interactions and Van der Waals’ forces. Pethica (96) reviewed the relationship of DLVO
theory as applied to biocontact and presented a general theory based on the. rec‘eﬁt thermo-
dynamiq description of cell adhesion. Hall (47) presented a specimen calculation based on ‘
thermodyﬁamic considerations which showed that changes in chemical composition are
important variables as particles approach one. another. This may mean that a shift in
chemical composition would dominate the interaction. The _a"ctachment of b-acteria‘ to
surfaces is influencéd by the adsorbed ofganic substances which condition the surface for
further attachiment (.75 ,76). However, some prbteins have been fou:nd to inhibit attach-
ment of bacteria to surfaces (96). The movement of the flagellates help' overcome the
potential 5arrier ahd contribute to their attachment.- The use of pili extending from nj{any
organisms into the environment have been implicated in certain bac_terial adhesion to ine_rt
surfa;ces (133). There is, however, no clear demonstl_'ation in the literature of the general
involvement of these surface appendages in the attachment process. -

Tadros (124) made a distinction between the two proce'ssés of particle atfa_chfnent,

“namely deposition and adhesion. The difference between these two is determined by

whether they are govemed by short-range or_long-;ange forces. Rutte_r and Vincent (107)
described the long-range surface forces involved in particle"deposition:

(1) Double layer interactions
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(2) London—Van der Wﬁals forceé
(3) Steric interactions
(4) Bridging interactions
Deposition would be based on the balance '6f forces mvoived. Steric interactions predomi-
nate only when' the surface and particle are highly covered with polymers. The long- and
short-range forces weré classified into various types by Tadros (124):
| 1) Long;range attractivé forces due to Van der Waals and electrostatic forces.
(2) Short-range for_ces are: |
(a) chemical Bonds
(b) dipole interactions
(c) hydrobhobic bonding
(3) Interfacial reacfions
Based on tﬂe phehomena of hydrophobic interactions, Rutter and Vincent (107) showed
that microorganisms being hydrophilic adsorb to a hydrophﬂic clean glass surface stronger
than to a hydrophobic teflon. Interfacial reactions are important with microorganisms
capable of secreting pol'ysac;,charides wﬁch would conditioh the attaching surface. Ward
and Befkeley (133)_ mentioned the po_ssibility of the i)olysaccharides being produced o?ly'

after the microbial adhesio:ﬁ had occurred. .o o
Fletcher (39) divided the accumulation of microorgaﬁisms onto a-surface into thlree
stages: ' |
(@) Adsérption of the organisms to a surface:

(b)-Attachment by forming polymer bridges.

Y (o) Gro,wth and division of organisms'on the surface.
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- At 'the usual pH raxllge 'founld in natural habitats, Marshall (77) deterﬁlined'.a net
negativé charge associated with most bacteria on the basis of electfophoretic studies.
Marshall an aﬁd Scheraga (113) described two different types of sorption in the adhesion
process: Reversible sorption where application of a sheaf force 6r ﬂégéllar action would
remove the bacteria and irre\"rérsible sorption caused by the extracellular polymers pro-
' duced by .bacteria and anchoring thém to the surface._' Bacteria and natural solid surfaces
have béen shown to be predominantly 'negatively charged which causes electrostatic
repulsion. However, the Van der Waals gttractive forces operate when the cells get close to
. the surface apd may provide a weak net attraction at the secondary mipimum. It is possible
therefore for the cells in the initial feversible attachment to be held at a finite distance
from the surface in equilibrium by the balancing of attractive and repulsive forces. At this
point, itreversible attachment is accomplished by the organisms excreting extrapeﬂular
polymers which overcome ‘the electrostatic repulsioh barrier and attach by bridging
directly to the surface (75). This has been fuﬁher supporfed by Zpbe‘ll’é work (150) and
by ‘bacteria .formin'g colonies on submerged surfaces (4i,5 8). Wardell aﬁd Brown (134)
looked at apo'c.her aspect of colonization. Under limitations of carbon, thc. free receptor
" sites available on the surface and cells can be used by cells to adsorb with the small améunt
of polymer produced. When there is an excess carbon, large amounts of polyme.r'may be
prddubed which would cov.er ﬂl the available bindinf.-; sites and possibly hinder attachment

* (74). The importance of this aspect can be i'éad_ily seen in aquatic environments with low
nutrients. During the adhesion random or perpenrdiculgr orie;ntation of .the bacteria de-
pends on whether the .extracellular polymers wefe produced around the entire bacteria or

" only at one pole. Costerton (24) found the polymeric ﬁbers termed glycocalyx to be
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negatively charged. The _mechénis'm of attachment of these glycocalyx to the surface
appear to Be similar to fhe i)tidging mechanism of the polyelectrolytes in coagulation
(64,137). The attachment bond is stronger than the connecting fibers because shéaring off
the organisms on a surfacé leaves a print of attachéd polymers (66). Fletcher (39) defined
p.a_ssivg, and actiye bacterial gttéchment. Passive. attachment is caused by molecular adsorp-
tion. Two types of ,bhysiolbgical aqtivity’ re_qtired for éctive bacterial aftachme;ft are:

(a) -mobﬂity | | | |

(b) synthesis of polymers required for bridgfng '
Motility helps increase the,mohlentum and the statistical chénce_' with which the bacteria
can i'gach the surféce. This shows clearly thaf attachﬁent is dependent on physiological

Pprocesses.

- Factors Affecting Atfachment, Growth and Nutrient Removal

Effect of the attaching soﬁd surface, Mar_ly cells do ﬁot diﬁde unléss in contact with
biologicai or non—bidlogical surfaces (96). Several surface properties are important in the
formatién of a primary film (52). Thé influence of solid surfaces on attachment and
growth have been reported by many researchers (42,51,75,150). The éolid surfat_:es concen-
trate nutrients and thus enhan_ce attachment. The relationship between the surface area of
a laboratory container -and bacterial activity was demonstrated by Zobell (150). Solid
..surfaces in ad.dition‘to‘ concentrating nutrients aid in controlling the diffusion of exoen-
zymes from the cell. However, low molecular wéight nﬁtrients that are concentrated
are not regponsible dﬁectly for attachmént 1 50).A |

Dexter et al. (29) listed the effects of several parameters of solid surfaces other than

toxicity on the microbial attachment growth: -
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() The surface texture of the surface

(b) The surface charge

(c) Wettability of the substratg
After analyzing the influence pf substrate wettabﬂity on the attachment of marine bacteria
to various surface.s including microscope slides, polystyrene and polwmyl fluoride (PVF),
they foﬁnd the “bibgdhes_ive range” in terms of surface tension. If the surface teniion of
these mé’terials Was greafer tha.n a critical surface tension, they were defined to be in the
‘Bioadhesive ranée’. Usually natural substrates like cobbles and artificial substrates like
glass slides were found to be in this rénge. Tﬁey described the formation of a film in two
stages initiated by an organic conditioning film, which meant that it was unlikely that thé
We_ttability 6f pure clean surfaces and the texture had any direct -influence on the attac.:h- .

ment proceés after formation of the conditioning film. The difference between low-energy
surfaces sucﬁ as teflon ﬁ'nd high-energy surfaces such as clean glass .in bioadhesion Was
) demonstrated by We;iss and Blumenson (138). There are several examples foﬁnd in thpI
‘literature in agreement Witﬁ the critical surface tension concept. In natural environménts,
the attéching s_urfe.lces of microbes are rough and therefore there will be several zopeé of
contact. Shoﬁ-range forces such as chemical and hydroI;hobic bonding become stronger in
these contact zones cc;mpared to long-range interactions such as Van der Waals and elge;:tro-

static forces whiqh make adhesion sensitive to the detailed geometry of the surfapes near
contact (124). This may give rise to a range of adhesive strenéths even for an apparently

uniform population.

Effect of shear forces and velocity. The influence of ﬂbw 'velocity is seen in ‘trans-

porting ‘nutri_enté to the attaching surface and in shearing the biomass building up. Higher
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velocities over film surfaces enhanced slime growths due to better transfer of nutrients
from the overlying water to the surfaces of bacterial ceﬂé (52,109). This was also sup- -
ported by Hartmann (50) in his study on the influence of turbulence o'n bacterial activity.

Since very high velocities would promote high scour rates and low veldcities would be

_ unable to transfer food molecules adequately, an optimum range of velocities for growth

can be delineated. Experimental investigation in this connection by Sanders (109) and

Characklis (18) on biofilms grown in the velocity range of 0.1 to 1.0 fps showed a velocity

around 1 fps giving maximum growth. Sanders (109) showed that -hjgh velocities produced

'a dense aﬁd tough slime in contrast to the low density and more fragile slime mass at low
velocities. Characklis (18) sho&ed that biofilms can withstand high shear forces excéeding
15 dyn cm™ . Shear forces become very important in determining film thicknesses because
of the physical removal and the transfer of nptrients to the film. Trulear and Characklis

(129) supported the assertion that increased shear stress caused greater scour rates.

- Effect of pH and temperature. Reid (99) suggested an gﬁpﬁmum pH of 7.2 for slime

growth. Close to neutral pH, maximum production of polysaccharide occurred (143). This

meant that a pH range of 6.5-8 Would be optimum for bacterial growth. Environments

* more acidic than pH 3 to 4 or pH greater than 10 are not common. The different species

of microorganisms isolated at various extreme pH environments and their life have been

reported by Lang_wqrthy (68).

Green (45) repoﬁed that the percentage of dry matter in slimes vaﬁed bctween“3.5 to
6.5%, in the temperature range -of 5 to 30°C; but higher temperatures increased fhe dry

weight. The bacterial polysaccharides are synthesized at a larger rate at temperatures lower
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than the optimum for bacterial growth (36). This may explain the lower optimum- temper-
ature for slime growthé compared to suspended gfowth. E. coli was reported to produce |
about 25 timés the arﬁount of polysaccharide materigzl at a temperature 15 to 20°C fhaﬁ at
the opti'mum tempérafure ‘of 37°C. Fletcher (39) suggested it was difficult to make any

general prediction of the temperature effects on physiblogy other than their basic 'inﬂ'u-

" ence on reaction rates. Only a few reports are available on the activity of river microorgan-

isms at very low temperatures such as below 5°C. Baross and Morita (10) summarized

stream data showing the effect of temperature on microbial growth rates which indicated

that 8 to 20 times higher generation times are needed during the winter (0 fo 5°C) com-

pared to the summer (16 to 21°Cj.

Effect of dissolved oxygen (DO). DO is obviously an important factor from the poiﬁt

of view of metabolism of organisms. Depending on the diffusion of oxygen, there will be

- aerobic and anaerobic zones in the biofilm. The cells in the anaerobic zone or below the

limiting thickhess for the diffusion of oxygen die- of metabolize anaerobically (109). The
mass 6f organisms in the top aerobic zone is considered to be active. San_ders (109) r(;,-
ported that the maximum nutrient removal occurred when the slime thickness reached thé
limiting thickness which had a mmﬁnum value of 21 microns. The active film thickness was

foﬁnd to be independent of DO (63). Tomlinson and Snaddon (127) and Kornegay and

' Andrews (62) have shown that the active film depth is about 100 pm. The extent to which

oxygen would penetrate the film ‘depends on the diffusivity coefficient, the typé of film -
and the s'tbic_:hiometry of the reaction.
In the presenée'of ‘anaerobic conditions in the lower part of siime layers, product

formation in those layers become important. It is howe\}er, diffiéult to establish the role of
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these anaerobic decomposition products in varying the substrate concentrations by dif-
fusing through the tob aerobic layer. Sanders (109) showed an indication of a reduction in
BOD removed from the sﬁpernatant substrate after reaching the limiting depth due fo
either the aﬁérobic, products released or the utilization of these products by t.he orgaﬁsms .
| m the top layer. Oxygen was found bélow the active layér in some studies showing that
it was not rate limiting (111,141). Using a nutrient broth of 20 mg/l and a 'heterotrophic
film, Whalen (141) found high concentration of oxygen throughout the slime mass stabil-
izing at 75 pm depth. However, when a 500 mg/l nutrient broth was used, the DO profile
.stabilized at 0.25 mg/l below 150 pm. Variat.ions in DO did not produce c.hemical. com-

positional variations in the slimes (63).

Effect of substrate and nutrients. Substrate and nutrients being directly involved in

the metabolism of the cells have a very significant effect on attachment and growth. It has
been suggested in several studies (8,75,129) that an organic film is formed initially on thé
attaching- ‘s1'1_rface. This w_ould i)e influenced by the chemical composition of the liquid
media. The 6réanic film, wilich Baier (7) suggested as a pre_arequisite for attachments,
conditions the surface i)y enriching it with organics and latering the; sutface tension. The
organic substances in the medium were found to promote attachment-and in some cases
inhibit the attachment process (39). Wardell and Browln (154) basecil on thei;' study of a
contﬁuous flow culture found increased adsorption of cells to a surface under carbon
limitation due to the larger number of free receptor sites available on the cell envelope and
the surface. When there was glucose 1imitatipn, a small amount of pblymer was found
to be syffiéignt' to act as aﬁ'adhesive between those receptor sites on the cell enveiope and

the surface. This factor may become very significant in natural environments with low -
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nutrients. Excessivé carbon promoted larger polymer pfoduction and by covering all
bipding sites inhibited attachment (74). This would mean that, with carl'>on excess there
wilibe more polymer coated to the surface than the number of bacteria attached. _

The .concentrat'ion of nutrients in general has been found to vary the amount of slime

. directly (99). Easily sloughing films were found to be characteristic of growths in liquids B

' having high amounts of oxidizable material (52).

Effects of film thickness. In the literature, there has been a striking similarity in the

concepts of film development, even though there have been disagréemgnts on other aspects -,
(33,63,109). Biofilm thickness is an important parameter in the metabolism of the slime
community. McI‘(‘innes-/ (81) stated that the trickling filter efficiency would be maximal
with a thin layer of organisms. This was supported by several investi-gators. (63,108.,127)
who showed that the effective depth of film ranged up to 120 um. There was disagree-
ment,’ hc;wever, a_hmong thesé investigators on the changes in nutrient removal rates be-

yond the_ effective film depth. A literature review indicated two different theories, one

_ based ori Sa:nder’s work (109) and the other on Korﬁegay énd Andrews (63) and Tomh’n‘-

son and Snaddon 127). Accofding to the_ first theory, the nutrient uptake rate is reduced
after the limiting Biofilm thickness had been reached due to the fermentation pr_odu&s ,
from the bottom l;¢1yers' diffusing 'into the aerobic layer and providing adc_litional nutrition.
The second theory ﬁostulated that there was a 1im'ﬁing thickness corresponding to 2
maximum nutrient .removal rate but this rate became cohsfant with increasing fhicknesses.
This condition remaine& until sloughing occurred vﬁth higher thicknesses. The anaerobic

layer forming at the b_btto_m is assumed not to change the nutrient utilization rates of the
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films. Hbehh 'and Ray (55).made a comparison of these two theories by studying the
“nutrient removal 6apécities of films in relation to their thicknesses and.-attempted to corre-
late these data_l with changes in physical characteristics. They reported that ic;, two theories
were not mutually exclus'i‘ile bécausé as films grew, there was a limiting thié:k‘ness when the
nutrient removal rates declined. However, with more time the films adjuste;i to the changes
in the internal environmental conditions after which they recovered, giwflmg the original
nutrient _removal capabilities. When the films were about 300 to 400 pm thick, a steady

state nutrient utilization rate was achieved. These results were supported by Kornegay and

Andrews (63).Tomlﬁ1son and Snaddon (127) and Lamotta (66). The pattern of varia-

tion for biodensity was similar to nutrient remoVal with film thickness. The d;cr;sity in-

creased ﬁp to the limiting thickness and declined reaching a steady density beyond about
300 pm thicknes§ (55). This variation was found not to have been caused by the successi,‘on

of bacterial types: - o S

- . Substrate-Biofilm Kinetics and River Modeling '

t

Theoretical Dew}glopments on.Substrate-Biofilm Kinetics

Attempts have been made by several researchers to elucidate the mechanisms of
subétrate removal by biofilms and study its kinetics in reactor systenis. Emphasis in’ sani-

- tary engineering research was directed towgpds developing a better understanding of the

kinetics of growtﬁ and substrate utilization of biofilms. In the previous éection,‘ the studies

by several investigators on biofilm growth and nutrient removal characteristics have been
described. These experimental conclusions provided an impetus for the models developed

subse(iuently; Thls section will describe the theoretical considerations which formed the
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‘basis of substrate-biofilm models. The reaction scheme in these models involve substrate
and nutrients, biomass, an exogenous electron acceptor and prodncts Organic substrate in
homogenous systems flows through the microbial population enablmg reaction with cells
‘at all the pomts in the hqu1d phase whereas in a heterogeneous system it flows over the
’ broﬁlm with reactlon taking place only at the biomass surface. In a series of publlcatrons,
Atkinson 1 descrihed the process firstly as a pseudo-homogeneous reaction system which
is reaction rate limited and secondly as a heterogeneous system in whieh suhstrate dif-
fusion in'the liquid phase or reaction rate became rate limiting (123). Considering only the
rate limitation by dissolved organic mat‘te‘r and unlimited by the exogenous electron
acceptor oxygen, Atkinson (2) subsequently incorporated diffusional resistances in both
liquid and microbial mass. Considerable theoretical developments backed by‘ experimental
investtgation followed (18;63,66,84,112). In all these cases, only one reactant was con-
sidered to be rate lirnited. Three _major steps rnay be -identified. in describing the overall
process of substrate uptake by. biofilms: |

(a) Diffusion of substrate from bulk hqu1d to the interface between the hquld and

biofilm. '
 (b) Diffusion within the biofilm.

(c) Biochemical reaction within the film.
| Lamotta (65) studied step (a) in detail by experimentally defining the reaction controlled
region. The true ‘kinetics of reaction can be studied by the proper choice of a fluid veloctty.
This would ehmmate the external diffusional resistances. Muller (90) and Baillod (9) after
studying steps (b) and (c) demonstrated that internal dlffusron became very s1gn1f1cant at

‘low oxygen concentratrons or carbonaceous concentrations. For diffusion and oxygen
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consumption Bungay (17) and Whalen (141) treated the film as a homogeneous mass. For
carbonaceous substrates, some investigators restricted the analysis to qua_litative descrip-
ti.ons' of the effects of film thickness on substrate uptake (55,109). The effect of mass

transfer resistances ha}ve been well dqcumentéd b}} several investigators (2,48_,6‘7)._
Williamson and McCarty '(146,147) and Williamsoh and Chung (145) studied s;ubstrate '
utilization by ba'c'terial. films aﬁd defined conditions for lhnitatioﬁs of elecfro_n donor or
acceptor...The bioﬁlm' model they presented could be used only when either the electron
. doﬁor 01; accep‘t.ér is both substrate and flux lhnitihg_aéross the entire film. It is possible to
have one of the speéies, electron donor or géceptor flux limiting and the other substrate
limiting over a cerfain portion of the film, which cannot be described by the model. This is
probably the situation in trickling filters or in natural environments. A
If only one of ‘ the parameters is limiting throughout the film, the following relétion-

s_hip holds when the electron acceptor is substrate limiting (146):
| Sca < Ksa/Ksg)Scq | M
. where

Sc(i,_Sca = Respective concentrations of the electron donor and acceptor at a’
spec1ﬁed f11m depth in mg/1

Ked» Ksa = Monod half-veloclty coefficients for the electron donor and acceptor,'
respectively, in mg/l.

Similarly for flux limitation which was based on a genera] metabolié reaction and
Fick’s Law, the following cohdition holds when the électron acceptor is flux limiting,
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where

S = electron acceptor and donor concentrations respectively in mg/l in the

S
o “od bulk liquid.

YV = respective stoichiometric reactlon coefficients for electron donor and -
' acceptor. '

molecular weights of the electron acceptor and donor tespectively in g.

MW, MW g

. Dggs Dgq = diffusivity coefficient of electron acceptor and donor respectively in
the film. '

Common examples of electron donor and acceptor are glucose and oxygen respectively.
Neglecting convectiye terms, Lamotta (66) used the following material balance to analyze

simultaneous diffusion and reaction.

a8, :
v D V? S, + 1y : 3)
where
' Sca = substrate concentration at any point within the film.
-.De = effective diffusivity coefficient of S in the ﬁlm..
r, = rate of substrate consumption per unit film volume.

Assuming a zeré order kinetics based on experimental evidence in the lite-ratﬁ.re and
under stea_dy state -c:ondit,ions, he provided two rate expressions for t_he substrate ﬁptake
depending on the film thjc_knessl For this purpose, a critical film thickﬁess Th;: was (_lefinéd.

(2D, 5" |
Th, = s I,

O

where

rate of substrate uptake (constant).

e
o

substrate concentration at the top of biofilm.
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_In the case of incbmplete substrate penetration, the observed substrate ﬁptake was found-
to be dependent on the magnitude of the depth of penetration and independent: of the
total thickneés (66,129). For this case a correction factor called the effectiveness factér )
was defined as follows to account for internal diffusional resistances: |

| A = Thy/Th G

| where
Th = total film thickness.

Atkinson and Daoud .(3) bresented the biological fate equation based on diffusion with .
biochemical reaction. Séveral subsequent pul;lications by Atkinson’s research group (4,5)
- reviewed and showed how the biological rate equation presented earlier could be extended
and used in the design of microbial film fermenters (5) and frickling filters (6).

The complete biological rate equations for microbial films were. given &3t .

R ks S ) - o
N = A Nmax Tois - ©
where
tanhk,Th ¢ ' .
A=l - X1 P - Dforg, < 1 )

k,Th tanh $p

1 tanhk,Th 1 . -
= ( - > 1 8
A 9p K Th tanhg, Dforg, > 1 . ®
. (k,Th(ksS ) - '
op = S_z_(s_l [ksS - In(1+ks S)1 2 )
V2(14k; S)
'a o 1/2 - '
k, = ( ) o : 10)
KD, A R |
ks = 1/K, an
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S = substrate concentration in the solution.
Th = biofilm thickness.
a = area of viable organisms/unit vblume
a, K. = rate coefficients defined by the expression:

r = aS/(Ks+S)

r = local rate of substrate uptake per unit area of viable
microorganisms. -

Co D, = effective diffusion coefficient within the microbial mass.

N = rate of substrate consumption/unit interfacial afea.
N = maximum rate of substrate uptake = k, Th/k,

k, ,k,,k; = biological rate equation coefficients.

1

The advantage of these models is that they take into account the diffusional resis-

tances in the slimes. The models, however, assume discrete viable organisms dispersed in

the slime which is not true for filamentous organisms. Besides they do not consider oxygen

limitations in the film. Harris and Hansford (49) emphasized the importance of this factor

.a'nd formulated models to establish whether the performance of the microbial film is

affected by limitation of oxygen, organic carbon or both simultaneously. They -used two

material balance expressions and a modified Monod expression to incorporate two reactants

as given below:

D szca'__ mXf Sca ., 0
S dx? Y, K¢S, K +o
D

oG YA K+S 7‘K +0

(12)

(13)




26

where .
Dg = diffusivity of glucose in the shme .
D, = diffusivity of oxygen in the slime.
Sca = substrate coﬁcentration in the slime. -

' 0 = oxygen concentration in the film.

~
~
I

= half-veloéity ‘-coefficients for substrate and oxygen respectiyely.
= maximum growth rate of organisms
X = cell concentration in the slime.
. x = distance measured into the slime from the interface.
Y A = cell yield.

F_. = constant factor relating the quantities of glucose and oxygen utilized
in the aerobic metabolism.

Kineticl parameters used in the model were taken fr(.)m the literatufe. Below organic load-
ings of 306 mg/f COD, the Ox&gen profile reméu'neé positive while the substrz;te concen-
tration prdfile dropped to zero. Within the loading range of 300 to 500 mg/l COD, both
profiles fell to low levels. This was defined as the transition range before fheL limitation
changed from substrate to oxygen.

Usin‘g: an annular reactor Trulear and Characklis (129) developed 'material'balanf:e
relationships giving rate e)ipressions for substrate reﬁbval, biofilm detachment and accrual.
Low fluid Velocities were found to limitu the trans'fer qf glucose from the buik liquid 1;0 the
liquid 'ﬁlm_ interfacé. This becomes diffusion limited. Biofilm detachment increased with

fluid velocity and attached biomass.
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Due to the complekity of the analysis involved -and lack of parameter values the
models of Williamson and McCarty (146,147) were not used widely as biofilm models in .
reactor_designs. Meunier and Williarnson (86,87 preshented a simpliﬁed model so that the’s'e_
models could be used in the design of certain biofilm reactors. The model which could be
solved m a programmable calculator first computes the limiting species of either the elec-
tron donor or acceptor and the flux. The design volume of the reactor is then determined

on the basis of the calculated flux.

Reactor Studies of Substrate Kinetics and Biofilm Dynamics -

Expenmental channels or artificial streams have been used to study the 1mpact of
pollutants and organic ennchment on the structure and functlon of the penphytrc com-
munities. The idea of these channels and streams is to simulate the natural system in the
best possible way and provrde the controlled environment a complex system would require
to study its responses to several perturbations. The successful apphcatlon of contmuous x
" flow laboratory reactor systems in studying mixed populations has been reported by

several'inves-tigators‘ (31,43,66,94,149). Most of these studies have given considerable infor-

- mation on. self-puriﬁcation of streams even though they provided inadequate data_ for
quantitative analyses_. Steady state conditions for biomass growth and substrate consump-
tion rates have 'been_ indicate in these studies. One study (94) con¢luded that substrate util-
ization was proportlonal to nutrient loading but at steady state, attached growth rate was )
hmrted by the ava.rlable surface Lamotta (66) found substrate uptake and biofilm growth
rate to be defined by the initial substrate concentratlon during the early stages of growth

and were zero order w1th respect to the subsequent concentrat1ons
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Studies of microbiofilms in natural environments have been limited in scope. Investi-
gations were carried out on kinetic studies -of Sphaerqtilus natans and related spécies in
organic enriched waters as these' organisms are pfedominant m river biefih;rls ender pol- |
luted conditions (27,31,97;1‘02). Based on these stedies, Sphaerotilus natans was found to
have a competitive advantege over other organisms especially at low DO, nitrogen, and high
flow rates.. Dias and Heukelekian 30 showed the utilization of inofganic nitrogen coin_-'
pounds by Sph_ae_rotz‘lus na}ans as readily as the ofganic nitrogen. Phaup and Genhon 'C1))
determined 'the optimum concentration of suerose for heavy growfh of Sphaerotilus natahs
as 5 mg/lat a velocify range of 0.58 to 1.49 ft/s in the temperature range'of‘ 20 to 28°C.
One mg/l organic carbon was found as a limiting coneentratioﬁ for the formation of slime
by Curtis (27). Above this limit the slime growth was :ﬁropdrtional to the concentration -
of organic carbon. By not accounting for slougﬁed material, they reported low yield coef- -
ficients. Stumm-Zoﬂinger (122) discussed the implications svith respect to the procedures
in assessing in a laboratory the matabolic activity of a natural communify. He concluded
that leboratory mixed cultures grown on nonselective multisubstrate medium QO not simu-
late natural populations. It can be inferred from his study that it is difﬁcelt, if not impos-
sible, to grow ane maintain a natural microbial popﬁlatioh in the laboratory without any
alteration. He concluded that baeteria in natural environments can utilize cert':'ain sub-
strates concurrenfly. ‘ |

Clerk et al. (22) successfully used artificial streams to study the structural and func-
tional responses of the attached biological communities to disturbances. I;enthic commun-
ity photosynthesis and respiration and the effects of some impbrfant envirenmental facters

. such as light intensity, CO, supply, DO and temperatilre- were studied in some laboratory
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streams by Mclntire (80)._ Several other studies using a controlied environment in artificial

streams to study the physical variations and toxicants on biological communities have been

' reported (72,95,144). Bas‘ed on an extensive literature review, it can be said that artificial

streams pi'ovide a very useful means of studying natural miérobial, communities as long as

the limitations are clearly recognized.

Water Quality Modeling of Rivers

Water quality models. A general framework in the formulation and application of

. simple mathematical models to water quality analysis is described in Hydroscience (57) for

EPA water programs. Several processes govern the degradation of 'organics discharged into

. rivers and other water bodies. The basic mechanisms of self-puriﬁcatibn have been deééribéd

qualitatively in the literature (98,132). DO and. BOD have been used as the two overall

parameters of water quality for a long time. In addition to biooxidation, several factors

such as sedimentation, scopr‘and biological extraction have been reported as important in

studying in-stream BOD removal rates (32,92,125,148). The overall removal of BOD may

be given as:
K, =Kp+Kg +B | a4
where - |
Ko = cpefficieﬁt for overall BOD removal.
Kp = qoefficient for overall stream deoxygenation.
‘KSc - coefficient for sedimentation.
B = coefficient describiﬁg a bouhdéry effect by slimé laygrs.

Overall observed deoxygenation coefficients (Ky) for 23 river s&sténis were reported by
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Wright and McDonnel (148) which varied from 0.08/day to 4.25/day under steady state -
flow conditions. In orde';-.' to' estimate stream deoxygenation coefficients associated with
oxidation of carbonaceous BOD empirical relationships were developed relating them to
stream hydrauhc geomet;'y The main point to note from this study was that the ob-
served in-stream deoxyge{}at;on rates were much higher than the laboratory BOD reaction
rates, especially when strea;p flows were less than 800 cfs. Velz and Gannon (131) intro-
duced the coefficient B fot; thch Bosko (14) and Novotny and Krenkel (92) subsequently
formulated eacpressions tg. account for BOD removal by slime layers in European and
American stteams. Models.have been proposed and used by several investigators for DO
' and BOD (12,89,93,101,114) since the original Streetet-Phelps model (120). These models |
were modifications of the eingle term first order kinetic_model. The schemes .required for -
parameter estimation of these models have been reported over the last few years (13,1(_)1.).
. Several researchers have c;it,icized’the first order models which are based on a number of
. simple biochemical reactions (34,40,100). In the most recent stage of development, models
utilizing saturation kineti¢ expressions have come into use (34,40,106). They successfully
used Monod Kkinetic expgessmns in definmg the utilization of substrate uptake by sus-
pended blomass and showed their application in streams. Gates (40) concluded that
laboratory batch reactors could be used with considerable advantage in studying b1olog1ca1
processes in a river. The grgblem with using Monod type expressions in river modeling lies
in the difﬁctllties of selecting and using the appropriate coefficients. Rutherford and'
Several ‘water quahty pagameter compilation and modehng techmques for water bodxes

from small shallow strea'lﬁg'to larger rivers in different geographic regions have been
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reportgd in the literature by various investigators (11,23,53,60,61,71,89,92,114,117,142).

'The important observation to be made from these modeling efforts is the emphasis placed

on tﬁe sessile microbial cgmmunitieé in small, low flow stréams (92,114) even though some

studies did not consider them (11,71),

Transfer processes. In general, advection and dispersion are the major transport
processes in rivers. Advegtion is very important in streams and rivers whereas dispersion

becomes predominant in estuaries (57). A very useful parameter is the longitudinal dis-

- persion coefficient, Dy which .combines the effect of diffusion and dispersion; diffusion in

this respect refers to mixing produced by turbulence and Brownian motion and dispersion
by the variation of velocity across the stream. This parameter provides an easy method of
det'ermining. the spread of pollutant over long distances in streams. The useful application

of this parameter and its determination for modeling efforts have been discussed in the

. literature (35,37,69,82,106).

A Summary and Critique

In general, microbial adhesion in streams provides the microorganisms especially the

baéteria with a stationary 1opaition exposed to a continuous supply of nutrients and pro-

tection against many sources of stress in aquatic habitats. The sessile microorganisms were

found to be enmeshed m a polysaccharide matrix. There was no clear agreement. on
whether algae or bacterig colonize first even though there was evidence to show that
attached algae provided ! suitable surface for subsequent bacterial colonization. Massive

growths of Sphaerotilus ngtgns were found predominating under polluted conditions even

"
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at reduced DO. levels, poggibly by their successful competition with other orgfanisr'ns. Often
. :hetérotrop'hs predominate the slime layers in.polluted areas. |

Séveral‘theqries have .b:,een presented by. researchers on thé ﬁechanisms .Of microbial
adhesibh. The a.lccumula:tj“gi):;_j éf microorganisms ont‘o.a surface may take place in three
} sfages: - |

(a) Adsorption of ox;g‘a}nisins to the surface

(b) Attachment by p;)'lymer bridges

(c) Growth and division of organisms on surface
There has been.no clear demonstration in the literature of the geﬁeral involvemeﬁt of pili
and flagellates in the adsorption pfocess, even though obviously the hydrodynamics of
organ‘isms.w‘ith these surface appendages should contribute in some way to the attachment
prodess. Two types of sorption, reversible and irreversible have been identified in the
literature depending 6n whether the appiication df shear force would remove the bacteria ‘
or whethe;' the adhesion was by extracellular polymers anchoring them to the surface. The
organisms in the bottom lg}y',er of river biofilms mﬁst be irreversibly bound as they can only
be femoved by scraping \mth a blade. The organisms have to adhere to surfaces in low
nut.rient environments fo.r' survival. If this is so, why should organisms under p_olluied
conditions with excessive n_u-‘_crientS attach to surfaces? Wardell énd Brown (134) suggested
that when there is excessf c,arbor;, lgrge amounts of polymer would be produced which
would cover.all available binding sites thus hindering attachment of' organismé. Under low
nutrient c_onditions, ther@-wouid be plenty of binding sites available. But then, how will it
be possible to ﬁnd larger gpm.:entration- of attached organisﬁsi under polluted conditions

.compared to unpolluted gonditions? This may be because of the “adherent growth habit”
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suggested by Costerton (24) which would require the organisms to adsorb to.surfaces
before metabolizing the su:bstrates. Besides many orgahisms would divide only if they are
attached to a surface.

Varidus factors affegting the attachment, growth and nutrient removal chpabilities 6f
the organisms have bee.r;; discussed. Surface properties of surfaces may dictate the for-
mation of the cpnditionﬁg film initially. In this respect a rougher surface typical of natural
| _epﬁonments should promdfe better initial colonization due to several zones of cdntact m
fqrming a conditioniné film. However, the surface texture and wettability should not
interfere with ‘the subsequent attachment process. The role of the flow velocity is in
transporting the organisms food molecules and nutrients to the surfaces besides shearing
the attéched biomass. Higher velocities would bromote the. transfer process and increase
scour rates while maintaining the kinetics in a reaction controlled regipn. This would
redﬁce or eliminate the liguid phase.diffusional limitations. Shear forces prevent biofilms
from Euﬂding up excessi\}gly so that a condition of s.teady state is possible, éxhib_iting an
oscillatdry be1‘1avior cone§?onding to growth and écour. The'prevention of excégsive bﬁild
up' may help maintain aéggbic conditions in thé film; mére so in a mixed film with algae
- and bacteria. In thiék fiims, fche. bottom may become anaerobié causing product forma-
tion. However, the role Qf these prdducts in changing the sﬁbstrate cc')ncentration" in the
overl);ing water is unclear. Two different theorie's-are hypothesized to explain the nutrient
removal capabilities of the ﬁlms. According to the first theory, the nutrient rémoval rates
decreased after limiting t‘.hicknesses were reached whereas they reached a maximpm and
remained constant based on the second theofy. The de;:rease was féﬁnd to be oﬁly'tempo-

rary and a constant nutriqp;t'removal rate has been observed in many studies.
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It was evident from the -'literature that a considerable amount of theoretical work
becked by éxperimer_rtal' iqvestigations were earried out on microbial film reactors in the
sixties and seventies. In rnost cases, however, rate limitation was restricted to only one
reactant and assumed to oceur due to mass transfer in the liquid, solid phase diffusion.in
the slime or brochemlcal reactron Subsequently, studies were done to define conditions |
under wh1ch an organic substrate (electron donor) or the oxygen (electron acceptor) may
become limiting within a m1crob1al fi]m This information could be used in the design of
several biofilm reactors including trickling filters. It may be. pointed out, however that
most of these studies did not cons1der oxygen limitations or active film depth This may be .
very important in reactors treating wastewaters havmg high concentratron of organics with
thick microbial films. A few studies in the past few years have considered the concept of
active film depth in their forrnulations. Simple material balances have been used recently in

establishing the kinetics of substrate removal and biofilm growth. This is very useful

" considering the ease with which the model parameters can be determined. In all cases, the

assumptions used in the quels should be studied carefully before application.

Due to the complexity in functioning of the slinte layers, the low concentration of
organics and the fact of continuous flow, reaction schemes in streams have not been fully
explained.. Several .investigators reported the successful- applieation of "conti'nuous 'ﬂow

|

reactors in. the ‘study of mixed populations. The reasons for using a CSTR reactor were

that the flow characteristics are well known-arld simple material balance expressions eah be

' formula_ted. By a rigorous' control of the experimental systems, less variable and replicable

data may be obtained, but extrapolating these results to natural environments may be

misleading. Artificial stregm designs in this respect are more helpful because of its \l{ersatil'-




35
ity. They ‘can "be' designed as sy_stems enclosed in environmentally .c"olntro'lled cﬂambers to
semi-controlled oﬁen bu_t-éf-doors systems. . Artificially seeded 'ofganisms or naturally
, cplonize@ ﬁ]ms'maiy be used. These_ designs can be tailored to fit the required experimental
' neéds of the investigator concerned. Therefore, artificial streams arc;,, as reported -recently
very useful in étﬁdying Q%tgral populations. Problems of using laboratory mixed cultures |
growing on non-selectiye ?ﬁ;tii—substrate media in simulating natﬁra.l populations have been
discussed in the literature. Pr(;bably, an easier and cheaper method of obtaining a natural-
population would be to grow the organisms in tﬁe natural environment to be simulaitéd and
transfer t.hém to 'an artificial stream system. In this case howe\}er, there will be several
autotrophic gnd heterotrophic organismé making it a fairly complex microbial 'éommunity
presenting pré;blgms of iéolation and identifiéatioﬁ. |
Several water quélity models have been developed in different situations based on
first order- or_éat'uratibn kinetics. In most mbdeling. efforts, kinetics had to be zissumed.
since information.defining the rates of reactions was lacking. Recently, first order models.
havé been criticized based on new. developments on ba_;:terial kinetic;. Numerous theo-
retical refinements have been made to the saturation kinetic expressions to account for
various factors. Incorpora’ti.ng these refined expressions would theqretically give rise to
" more realistic models. quever, validation of such 'mociels require determmqtioﬁ of many
-paréme’gers which would r_naké it necessary to use some kind of curve fitting 'pr,ocedqre.
While this ‘proceduré is _ah; éccepted Iﬁethod in. practice, making .th‘e parameters easilil ‘
adjustable invalidates to some extent their fuﬁdamental génerality.. The critical'prob'lem- fs
to determine >which micrébifal population, suspénded} attached or both piay the dominant

‘ function in substrate assimilation and its kmétics. This may not be possible, admittedly, in




36

every situation. Once the kinetic expression is determined, it may be utilized in the stream

A model].




THEORETICAL CONSIDERATIONS

This section deals with all the theoretical considerations and formulations involved in

the subsequent chapters gn mathematical modeling of streams.

Mathematical Models

Any natural system can be looked upbh as a 'mathematicgl system _Wit}ll complex . .
interacting subsysterﬁs.' Natural background water quality is determined by a number of
external inputs to the syétem such .as rainfall and solar radiation. In addition, the syktem

may also be subjected to various man-made stresses caused by, for example, wastewater

discharges. The response of such a system can be. evaluated by sttidying the-spatial and

temporal distribution of the concentration of various substances affecting.the' water

quality. In this study, the system is a river and the substance is organic carbon.

Conceptual Description

The syéteni deﬁnitiqn and the processes involved in a substrate-biomass model can
best be illustrated in a diagrametic form as shown in Fig. l The importance and relevance
of these prdcésses have already been discussed in detail under'thé'pr,eviou's section on the

review of literature. -

Specification of Interactions

The mechanisms invplved in affecting the model parameters have to be specified in

the construction of the m:_o:d.el.‘ The lack of knowledge and pnderstanding of a'significant

- mechanism- will affect the realistic modeling of some of ‘the water quality parameters. On
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Fig. 1. Schematic Diagram of the Model Frame Work.

the other hand, the inclusion of all possible interactions will substantially complicate the
model. Therefore in a complex system, it is only realistic to consider the pre-dominant
mechanisms and elements,

The processes involved in the substrate biomass model are:

Transfer Processes

(1) Advection or bulk fluid flow

(2) Dispersion

Transformation Processes
(1) Substrate—Uptake by Biofilm and Suspended Biomass

(2) Suspended Biomass—Growth, Settlement and Decay

(3) Biofilm—Attachment, Growth, Decay and Detachment.
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In a small strqam or river, the mixiné characteristics are such that the dispersion of the
mass of material may be very small and it may be neglected in comparison to the flow. The
computational complexity can bé reduced significantly by such an assurr:lption.. '
Fundamenfal to the‘;m,alys'is of the model to be described éubsequently is the point
form of continuity equation which describes the relationship between the flux and the

sources and sinks of mass. In general,

5, : - -
—;t—=—v'j+rj _ (15)
in which,
S; = concentration of a water quality variable
t = time

j = flux = Dy, 3S/0Z - U.S = transfer processes for a one dimensional
system

V= Del,operatoi'

. U = mean stream velocity
Z = distance

Dy = Long,itudiilal'Dispelzrsion Coefficient
fj = sources and sinks of Sj given by. the transformation processes.

The fransformation processes fnéy be described by several reacti_ons in'natural waters wifh

different kinetic order. However, the limiting step may be represented by a simple first or

second order kinetic expression.
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- Assumptions and Conditions

In the analysis that follows, several assumptions are made which are given below:
(1) The substrate re_r:n,oval by suspended biomass is negligible in shallow streams com-
pared to that ot]" t:he pre-domingntly heterotrophic biofilm.
" . (2) Organic carbon gg ghe rate limiting substrate for the heterotrophs lumi)ed tdgether,
' (3). The spatial system parameters for the river flow such as mean quocit& and depth
are assuméd constant. | N
 (4) Major Dissolved .Oxygen limitations éfé xllot present in the film.
(5) Temporal steady state values for all system pararr;eters and inputs are assumed.
The consequences of these éssumptions are considered under the section on'disc;:ssion.
Based on the last assumption, the steady state model‘Will not be able to deécribe diurnalr
variatiohs in water quality. However, the applic.:ability' of a predictive model in many
problem situations is important undér critical shdrt térm conditions. The investigator may
use the steady state model and input the maxﬁnum daily waste load for the worst con-
ditions, recognizing that the water quality r_espbnse ‘will improve at fhe lower steady state
daily waste load levels. Unsteady stéte médels invlélve compilex solutions and require
extensive data for validatipn and hence:a simpler steady state model is a reasonable éom— .

promi_sé between complexity and practicality.
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Modeling Organic Carbon in Streams

Formulation of Models

The main variables -identified in the model framework are substrate S; suspended
biomass X and heterotrephic fraction of attached biomass, M A Using the general c_ontinﬁ- '
ity Equation (15) the fpilowing material bélance expressions can be written based on

assuinpfions 2,3,4and (5)

oS _ [ 'S 38 Ry Rg ' 16
at L 3z 32 Y, YH , .
R
aX ax D .
— == U — <+ R+ — : 17
ot dZ $ H an
aM
A
gt— = RB - RD | . ) | (18)

where |
Dy = longitudmal disperson ceefficierit (L2T11)
U = mean stream velocity (LT™) -
H = average flow depth L)

Z = length along the stream with Z =0 correspondmg to the site below the -
sewage outfall (L)

t = time (T) -
Y A= biofilm yield coefficient
Rg = attached biomass production rate (ML™2 T™*)

RD = Net detachment rate = (detaclunent-settlement) of blomass per umt
biofilm area (ML"2 T1) "

Rg = .suspep.,dled biomass production rate (ML3'T™).




42
Y, = suspended biomass yield coefficient
For shallow streams, usihg the first assumption and fitting an expression of the form
Rp = (tz])l\"[‘i where scour rate increases with the total hiomass M including the mass of

autotrophs, the equations for the. complex river system can be reduced. to,

a8 328 as Rp

— = e L — - . .

at _ PL 372 Uiz Y H ()

ax X | (o Th)?

2= U—= . 20

ot Usz T% g (20)
-——a't = Rp - ap (pTh)ﬁ . ' . 2D

The unique feature of these equations forming the substrate-blomass models 1s in not_

assuming the Kinetic order for the substrate uptake by the biofilms. If the kmetlcs of
organic carbon uptake rate by biofilms is determmed in addition to the other defmed
parameters, the systerh can be solved using assumption. 5. Thlis, Equatiohs 19, 20 and 21
can be used for one dimehsiohal modeling of organic carbon. Under steady state transport
and ecological conditions, a Lagrangian instead of a Eulerian frame of reference may be
used. The Lagrangian frame of reference involves a rrioving. frame where incremental |
volumes of water move as “plugs” within which‘ mixing and reactione take place. Only one
plug unit has to be modeled to generate the entire model since the water quality.of each
‘ unit passing a glven pomt is the same as the one that preceded it under steady state con-
ditions. The equatlons can be solved using numencal methods employmg a ﬁmte d1fference

' sch_e:r_ne.




43
Pilot-Plant Channel Study :

Determination of the Kinetics of Organic Carbon Uptake
Rate by Biofilms in an Artificial Channel

Consider the reactor configuration shown in Fig. 2 with an attached film.

F,Si,Xi F,S . %

i r’f777

ATTACHED BIOMASS

aF, S, X

Fig. 2. CMF Reactor With Recirculation.

Material balances for substrate as soluble organic carbon S, suspended biomass X and

heterotrophic fraction of attached biomass M, similar to those shown in Trulear and

Characklis (129) result in,
RpA
ds B
V—=F@S;-85) - — 22
dt il Y (22)
dX
Vi a B4~ X). + RpA (23)

dt
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dM, . R
-F:RB-RD A (24)
- where -
| V = volume of reactor (L3)
"F = ﬂowrate(L’T‘)
‘ A = area of blofllm (L’) :

All the other parameters have already been defined
Under- steady state condltlons RB, RD and Y A could be determmed from the three '

‘ equatrons By varymg S, the kinetics of substrate uptake could be studied. A relatronshlp
" between Rp and M would prov1de a scour coefflclent “D and a constant B for the system

where RD ozDMB as already defined.




EXPERIMENTAL INVESTIGATION

Experimental Apparatus-: Pilot Plant Channel Study

General Layout .

A field experiment w'a‘s designed in an artiﬁcial channet on the river bank, the sche-
matic view of wh1ch is shown in Fig. 3. The photograpluc details of the reactor system are
given in F1gs 4a to f. The Bozeman Wastewater Treatment Plant facmtles provided an
optimal location to conduct an experimental study of this nature. The system consisted
ma.inly of: a long channel, recirculating tank connected to a hlgh capacity pump, flow
meter, mixing and feeding tanks, \;ariable speed mixers, small electric pumps and a gener-

ator for the influent feeding system. The influent feed was controlled by flow regulating

valve while the effluent was siphoned off ffom the recirculating tank. A sump location was

chosen close to the experimental channel system and river water was pumped into the

mixing tank where it was mixed with‘sewage effluent during selected runs. The influent

was then pumped from the feeding tank into the channel. The entire channel system was

assembled and constructed in an open area on the stream bank, below the sewage outfall.

. Details of the Reactor Channel and Appurtenances

Channel description. A long aluminum trough, 32 ft. X 4 in. X 6 in., coated on the

inside with an inert paint served as the artificial stream channel as it was a cost-effective
method of conducting this study. A weir at the end .of the channel as shown in Fig 3

penmtted adjustments in depth. The recirculation line was.connected to a sma]l box at the

- mﬂuent end of the. channel which helped to dissipate some energy and hence prov1de
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(a) (b)

{oh] (d)

(£)

Fig. 4. (a) A View of Channel Set Up, (b) Plan View of Channel, (c) End View of Channel,
(d) Recirculation Pump, (e) 2 in. Water Meter, (f) Plexiglass Plate with Biofilm used
in the Channel.
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a steady flow in the channel. A plastic strainer was placed at the beginning of the channel

to reduce the turbulence created by the high recirculation flow.

Channel design considerations. It was' obvious that with the channel system used the

average flow depth of 0.75 ft in the river could not be simulated. A design depth of 0.25 ft

was thus selected. The avé;,_r'age velocity of 2 fps in the river below the sewage outfall was an

important variable in studying biofilm kinetics in the channel. This velocity could be

maintained in.the channel by providing the appropriate recirculation. The maihtenance.

of hydraulic similarity between the 'prototype river and model channel would require the

same Froude number. This would mean a reduction in the average velocity in the channel.

However; it was decided to provide the same average velocity in the channel as in the river, .

as sloughing was an important consideration in the biomass model. Moreover, the flow
regime can be categorized as turbulent, as in the temperature range of 18 to 26°C, an

average Reynolds numbef (Ré) of 4.92 X 10* was estimated for the channel design veloc-

' ity and depth of flow. This would ensure a reaction controlled region in the channel with

ﬂegligiﬁlé .external diffusional limitations as established under fhe literature review section.
. Another major consideration was to obtain a balance between a measurablg change in sub-
strate concentration between the influent and effluent and at the same time éomplete a
.ru'n in the-channell in the field within the number of hours available for field work per
day. The unsteady state equation (22) was solved and reasonable values were used for
parameters for this purposc.. For example, itvwas determined that \;/i_th an hour of deten-
tioﬂ time, an organic carbon removal of 9 to 4.5 rﬂg/l is effected in about three hours. ’_I‘he
maximum number of hours that were available for field work per déy Was detemiqed to

- be eight hours. Allowing for start-up and finishing procedures, the channel sy#tem was

i
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operated for about five hpurs. The five hour cha.nnel_'operation, which is five times the -
detention ﬁme, was. 1_:he t'.rad.e off found to satjsfy the 'requirem_eﬁts for a.f:taining steady
state conditions and avaﬂable. field time. The adequacy of .this.design .ope'ration time .
was subsequently checkegl by actual field measurements. Assuming a Mannings c;oefficient
of 0.01 (20) and f_'or a yglqcity of 2 fps, a mildlslope of 3.74 X 103 was provided for
uniform flow in the cha,nhel. Provision 6f this exact élope was not necessary as long'as.
uniform flow was maintained. The depth of flow at several points in the channe_} were
measured tc;_ ensure uniform flow. |

‘The design parameters are sumimarized as fol}ows: Design velocity = 2 fps,'depth =
0.25 ft, detention time =1 hour, duration of experiment = 5 hours, channel slope = 3.74 X

1072,

Influent feeding system. Two calibrated pfastic tanks A and B as shown in Fig. 3 of

90f capacities were used as fegding and mixing tanks with provision for maintaining a
constant head With an overflow pipe which enabled a constant pumping rate for the feed
pump. The feéd _rate‘ was continuoﬁsly monitored every 15 minutes with a measuring
cylinder. Another pump was used to fill tank A from the mixing tank B. River water was
supplied to the mixing tank by pumping from the river which was used as the substrate
after mixing with or without thg treatment plant effluent brought from the sewaée outfall.
This was done to vary the concentration of s’uf)strate fed into the chénnel. The proportiqn
. of seWage effluent used wés not more that 25% so that the'range of concentrati(;ns qsed in
thjs,exbeﬂmentgl study would not bé too far off the measured substrate concenfrations in
the river. Two electric pagidle mixers provic_lled the mixing which was further supplémenfed

by hand‘mixing in the mixing tank.
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Efﬂuent recycling system A tank 1 ft 10 in. diameter and 3 ft. high was used as a

sump for the rec1rcu1at10n pump, with a prov131on for contro]hng the rec1rculat10n flow by
a valve The drainage valve in the rec1rcu1at10n line made of PVC pipes permitted cleanmg
of the tank and draining water at the end of experimental runs. A siphoning system con-
sisting of % in. diameter rubber tube with a valve was used to discharge the effluent at an
outflow rate of 6.33 X 10‘4 cfs. The effluent flow was momtored contmuously every

ﬁfteen minutes to ensure a constant outflow.

Pumps, motor, generetor and watermeter. Two pumps 60 gpm and 106 gpm capaci-

ties were used for pumping water from the East Gallatin River and for recirculettng the

_water in the channel. The recirculation pump was a 3 hp Jacuzzi Model 80200 with 1% in.
and 2 ir_1. suction and delivery lines with the base mounted. Two centrifugal polyethylene

electric pumps with 5/8 in. suction and discﬁarge openings (VWR Cat. No. 54902-000)

were used as feed"puntp ptovidin'g an inﬂﬁent flow of 6.33 X 10 cfs.and to fill the

-feeding tank from tant( B. The 1/20 hp motor for the miiers used in the two tanks was

manufactered by Bodine.Electric Company, Type NSH 33R which had a speed controlh

(Minariek Electric Co.). This _electrical system in the influent feeding unit was run by a

-portable army generator. The recirculation flow was monitored by a 2 in. water meter
manufactured by Hersey-Sparling, Dedham, Mass. (U.S.A.) to provide a ﬂew of 79.6

gpm in order to have a flow velocity. of 2 fps in the channel. The high ratio of recirculetion l

to feed (284:1) provided a complete mix condition in the channel.
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Reactor Start-Up

The recirculation tank, feed and mixing tanks were ﬁued, first with river water. :
pumped directly from the river. In cases where treatment plént effluent was mixed with
river \.avater, the mixing tank was used_ to mix knowﬁ proportions anci the recirculation
tank was filled up to a spgcified mark to provide the volume needed for the recirculation 4

"pump to maintain the req!1:1ired flow. The recifélilation pump was primed by opening the -
valve on its suction side. The pump was then started and the system was allov;/ed to recircu-

‘late the ﬂow'. The influent feed was started én_d the sibhoning of the effluent was put in

operation. The systém was auowed to function steadily for a few minutes. Both inflow and

outflow were calibrated to provide the design ﬂo'w.'The attached biomass used in the

channel was grown.on several plexiglass plafes in the river for more than 30 days. When the .
system was functibning under steadf conditions, the plexiglass plates with biofilms were
retrieved from the river and brought under water in a small tahk to be placed in the chan-
nel bed over the 310 in. test length. A known area of biomass was scraped at the beginning'
‘.and end of the runs. Once the plates were placed on the channel bed, the time was set
ast=0. For fche control-ruﬁs, the plexiglass plates we:re not placed on the channel bed. ’f‘he
ﬂow‘ depths at several points in the channel were measured by a scale and the flow depth
adjusted to the design depth. The flow meter, inﬂéw a-nd ouitflow rates were continuously
monitored every fiftéen minutes to provide the requﬁed design veloéity and deténtiqn time
in the reactor. .At the end of each run, witﬁ theAsystem running, the plexiglass plates
) containing biofilms were placed back on thé river bed for the future runs. Thus an eco-

nomic method of conducting this study was achieved.
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Experimental Observations

" General description of runs. In the year 1980, a total of twenty runs were made in2-

senes, first of which contained sixteen regular runs and the second series had three control”
runs and one with tapwater The regular runs with the attached biomass were made over a |
soluble orgamc carbon concentration range of 5 to 20 mg/l. The des1gn was to get at least
duplicate runs of five ditferent concentrations. Since the 'substrate used was river rvater,-
the concentration of which was varied by mixing with sewage effluent, the approach was
to make several runs at -different combinations of river water to .sewage efﬂuent. River

water pumped from below the outfall was the main source of substrate and nutrients for

. the predominantly heterotrophic biofilm. The microscope slides attached'tothe 'plekiglass '

plates permitted continuous .monitoring of biofilm growth throughout the study The
control runs in the second series were made without usmg the plex1g1ass plates containing
the broﬁlm but wrth mflow and outflow as in the regular runs.-These runs were also made
at high and low substrate concentrations in order to assess the importance of the sus-
pended microbial population. During some runs, the weather was cool at the beginning but -
became wa_rrner dun'ng the last two to three hours. Development '-of some foam in the
channel and recirculating tank was also observed during most runs. The tapwater us_ed_in
the final run was obtained from the backyard of the' plant supervisor’s house, the source of
ivh'ich was ground water with negligible' organic carbon and solid‘concentrations."This

water had to be transported -to the channel site like the sewage effluent: for the study.

Difficulties were experienced in the operation and maintenance of the generator which had

to be repaired several times before use. During the final runs, several hundred feet of

electrical cord was used to get power from the nearest electncal outlet at the Treatment
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Plant. This eased the whole operation of the influent feeding system and the uncertainties

of a generator breakdown.

Observations duringg run. For each run pH, TOC, SS and VSS weré_ measured for

influent and _effluent. DQ, pH and temperature at three locations in the channel wefe '
measured hourly while TQC, SS and VSS were measured at selected 1.10111'8 at the beginning
and end of the. runs. DO a:nd temperature were measured by a calibrated DO meter with a
field probe. Influent DO was also checked for any drastic varjations which never occurred
during fhe runs. Samples taken for the measurement of pH, TOC and solids were trans-
ported on ice to the laboratory where the TOC samples were stored below 0°C until the
analysis Was completed. The sa{mple preservation techniques used weré according to
Sténdard Methods (118). pH and solids wére measured as described under the section on
Analytical Procedures.

During several runs a known area of the biofilm wés scraped at the beginning and end,
for biomass determination. Microscope slides attached to the plates weré used for film

thickness measurements.

Field Studies—River Measurements

Study Area Description

The East Gallatin River used in the study originates east of Bozeman, Montana, and
flows northwesterly through the Gallatin Valley for about 45 miles before joiniﬁg the Gal-
latin‘River, north of Manhattan. This is one of the three tributaries to the Missouri River.

The drainage area of the Eqst Gallatin is estimated at 640 square miles_ahd is agricultural in
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nature. This river was chosen for the study because it receives a partially treated sewage
effluent, high in suspended solids (SS) and Organic Carbon (OC) from the Bozeman Waste
Water Treatment Plant, the single major point source of pollution. The confluence of the

sewage outfall and the river can be seen in Fig. 5.

Fig. 5. Confluence of Sewage Outfall and East Gallatin River.

River Flows and Morphology

The maximum reported discharge has been reported to be 1230 cfs in June 1953 and
the minimum 12 cfs in December 1944 and March 1955 (121). Spring high flows measured
during the study period indicated a range of 300 to 600 cfs compared to the low summer
flows of 55 to 80 cfs. The average discharge of the sewage plant was approximately 5 to
7 cfs during summer. The highly meandering river has a cobbly bed covered with dense bio-
film growths below the outfall during summer and fall. Measured river widths during sum-
mer flows at the selected sites indicated a variation from 30 to 60 ft. and average water

depths in the riffles from 0.7 to 1.30 ft. in the pool areas. Based on field inspection, it may
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be termed a shallow, swift mountain river. In the study reach used for the detailed investi-

gations during the summers of 1980 and 1981, there are nQ'-major tributaries, but there are

; small irrigation canals withdrawing water for irrigation.

" Description of Sites .

- Preliminary study Six sites were estabhshed ~one above and five below the sewage

outfall over a distance of 24 miles during the summer of 1979 as shown in Fig 6. These

" sites were surveyed to determlne the bed conﬁguratlon and elevations with respect to

~ permanent bench marks available in the study area. Municipal sewage effluent enters the

river between the first and second sites.

Detailed investigations' These investigations, carried out during the summer and fall

/ of 1980 and 1981 covered only a river dlstance of 6.74 miles below the sewage outfall

based on the prehmmary study. Six sites were estabhshed one above and five below the
outfall within this d1stance. Fig. 7 shows these sites 1 to 6 in relation to the previous
sites selected for the preliminary study EG1 to EG6. Sites 1, 2, 6 of 1980, 1981 and EG1,

EG2, EG3 are the same.

. Field Measurements :

For the preliminary study which extended from mid July to November 1979, data
was collected on the stream bed characteristics, discharge sediment transport, several.

water quality parameters and biofilm growth parameters. The water quahty parameters

" measured on grab samples included BOD, COD, DO, pH, SS, VSS Orthophosphates,

, ammonia and nitrate. The water quality parameters were measured on 12 different oc-
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casions during the study period whereas_the biofilm samples were analyzed on an average
of every three days for average film depth, dry and ash free dry weight and gross éppeér—
ance. A 30 day growth study period was uéed during fﬁe ﬁreﬁminary study.‘ Discharge
measurements were taken weekly §n an average but twice a week occasionally. -

The detéiled investigations of 1980 and 1981 extending from July to November in
1980 and July to Octobér in 1981 éoncentrated upon selected water quality parameters.l
TOC measurements were 'mtrodﬁced to be uséd in quantitative analyses during 1980 anci'
1981. BOD wﬁs alsé measured during 1980 to make comparisons with the prelimin‘ary
study resﬁlts. Selected water quality :;arameters were TOC, DO, pH, SS and -VSS even
though NH3 -N and NO;-N measurements 'wé're continued during 1980. Water quality
parameter and water _discharg§ m'easurements' 'wex"e i:ake_n_' weekly during the peﬁod July to
..Aﬁgust and in October. Two diurnal measurefﬁen_ts were aone on TOC, pH, DO and
temperature during October 1980 at six hourly intervals. The ﬁeld.channel-'study was
conducted during Sept. to Oct. 1980. Biofilm samples were collected oﬂ several bricks
~with slid<;,s placed at different times, every five to ten days up to about 70 days- during
1980 and 60 days duriﬁg 1:981. During tlﬁs period, in addition to the measurements made
during the preliminary stuvdy, Cillorophyu, ATP measurements and Electron‘ Microscopy -
studies were done on the biofilms. ATP measurements were mainly done on biofilm
growfhs on ﬁaturél substrates and only during 1981. A cobble to slide, growth éomparison
_stﬁdy was also done dﬁrfng the same periéd by monitoring grthh on clean cobbles placed

next to the microscope slides and measuring chiorophyll and volatile ‘mass accretions.
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Field Sampling and Laboratory Analytical Procedures

Measurement of Water Quality Parameters

Unless otherwise mqntiéned, grab samplés were used for water quality analysis.
Samples were bol]écted bglpw the surface in the middle of the stréam. The parameters that
could not be evaluated in the field were transported on ice in a cooler to the laboratory in
acid washed plastic bottles. Sample preservation techniques were dbne.accordin_g to Stand-
ard Methods (118). The methodology 'used in the détermination of each water quality

parameter is tabulated in Table 1.

Measurements of COD, TOC, BODj . The rapid method of determining COD was -

used to minimize the time for laboratory analyses considering the number of samples.

Several COD samples were stored in the refrigerator at 0°C and analyzed at one time for

convenience. This was also done for the TOC samples which. were obtained from the

experimental chénnel study. Eight samp1e$ éould_ be analyzed .zit a time, both filtered
and unﬁl,tered_. Of the lOO‘ml samples collected for COD or TOC, about 50 ml were.'passéd '
through Ia Millipore vacﬁum filtering device fitted with 0.45 mﬁ membrane ﬁlters'. The
ﬁltered.portions of the samples were used for deter_minations of solﬁble organic cz.irb'on on‘.
tﬁe Ofganic. Carboﬁ Analyzer or for rapid COD determinations. 'Th‘e balance samples
were generally refrigerated until the analyses—were completéd. In the TOC determi_nafions,

standard solutions of organic carbon were required which were made by preparing a stock .

- solution of an organic compound. Potassium hydrogen phthalate standard stock solution

was used for this purpose and a series of standard solutions containing 3 to 20 mg C/liter.

. were prepared by serial dilution of the concentrated stock solution. Five different standard
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‘Table 1. _Analyfical Procedures for Water Qu"'alit'y. Pararneters.

Parameter

Methodology

"

BOD, .
COD (Rapid)

TOC

DO

pH

Water Temperature
- Turbidity
Nitrate

Ammonia

lPhosphate (Ortho)

SS ‘and VsS

Tltrlmetrlc - Standard Methods (118)

. Tltrlmetrlc

Persulfate dlgestlon

"Organlc Carbon Analyzer OIC Model 0524B

© Winkler-aAzide Modlflcatlon - Standard

Methods (118)

¥SI Model 54BB- DO Meter

Orion Model 404 Portable pH Meter
Orion Model 80lA pH Probe

¥SI Model 54BP DO'Meterf,Thermometer

Hach Model 2100 Turbidimeter |

Orlon Model 801 A Spe01f1c Ion Probe
Orion Model 801 A, Spec1f1c Ion Probe

Stannous Chloride Method - Standard
Methods (118)

Gravimetric and Volatallzatlon
Field Sampling - U.S.G.S. procedure by
Guy and Norman (46) )

Ana1y51s - Standard Methods (118)
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solutions were used over.the. expected organic carbon concentrations. The samples sus-
pected of coutainir_lg more than 15 to 20-mg C/1 were diluted and the proper dilution
factor used for conversions Three to four ampules giving tripie to quadruple data per
- sample were used in the analys1s The step by step procedure to be followed is described
clearly in the Instrument Manual In essence, in this procedure organlc carbon was digested .
: with persulfate and cqnyerted to gaseous carbon.dmxrde..The gas was passed through an
Infrared analyzer where infrared absorption by the CO, was determined. The inoréaﬁic
carbon present in the sampie was initially remoued:by acidificatiou and stripping prior to
the persulfate digestiorr which was accomplished in sealed glass ampules kept in a pressure
vessel in an oven at 180°C for at least 8 hours. For convenience, this was done over-
night and the pressure vessel was air cooled for several hours the following day before
analysis. A strange phenomenon of ampule breakage was observed only at the beginning of
the summer study in 1981. Several circular ampule bottoms were neatly blown off at-the
end of the digestion and cooling even though' only air cooling was Iused.l Breakage of
ampules when water cooling .was used with insufficient air cooling had been observed by
others workmg on TOC. OI Corporation suggested a reductlon in temperature from 180°C
- to 130 C based on recent expenmentatron (44) and experiences by others However, .a~ ‘
reduction in temperature did not solve the problem. Finally, the problem was solved_ in
consultation with the Organic Chemistry division of the. Department of Chemistry at
Montana State University lsy using only 1 ml persulfate with '1 ml sample instead of 2 ml
persulfate with 1 ml sample. Using too much ox1dant at high temperatures can produce :
higher mternal pressures inside the ampules w1th its own decomposmon products especi-

ally with low organic carbon concentrations. This probably would have blown off the
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ampulé bottoms. Whether this was the cause 6r not, this problem never oécurred when’
1ml persulfate was used. Two-ml of oxidant could probably be used with a 2 mi sample’
and 1t probabl_y depends 6n the type of sample and amount of organic carbon in it. The
sample size, however, can be 1 to 2 ml. Super cleanliness and yniformity iﬁ':pro'ce.dlire musf '
be observed in TOé analysis at the expense of time for consistent results. Soluble BOD,
measurements were made on filtered samples like the soluble TOC. Dun‘hg 'the'pr.eliminary
study period{howevér, generally only total BODs values were rheasure& 3without filtering.
Daily DO values were.measure'd on selected éamples to determine the BOD decay coeffi-

cient. Seeding was not required for the river water in the BOD énalysis.

Measurements of DO, pH, water temperature. During the preliminary st_udy DO

measurements in the field at the different sites were measured by filling BOD i)oftles with
river water and immediately fixing them with the required chemicals as pre;cﬁbed_ in
Standard Methods (118) before transporting them to the laboratory for analysis. This
method hoWever, was dispensed with in the subsequent investigations and a_-DO meter with
a field probe was u§ed for in-situ DO measurements. Thé DO meter wé§ calibrated in tﬁe
field before each measurement. The water tem_be’rature was measured before the DO
“ m'easureménts. Occasionally a thermometer was used to check thé temperatures meaéured
by.the DO meter. The main points to note before leaving to the field with a DO meter are:
éhecking fhe batteries, membrane for any dainage and the barometer reading for the
pressure. Soﬁxetimes it v;rould be i)ossible to see aﬁ -bﬁbbles iﬁsjdé the membfané, if the
membrane was. improperly placed over the KCl solution entrapping air bubbles. In such

cases, the air bubbles must be removed and new KCI solution should .b'e used to properly
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seal thé epd with a membrane. The DO meter, with pioper care and handliﬁg gave fas,tef
andv accu‘ra.te measu;ements for all purpoées intended in this ihvestigation‘.
pI__{ measurements were made_with a portable Orion 404 pH meter at the beginning of
s the study till it Was out of orcier; Subsequently sarﬁples were transp'ortéd to the laboratdry
for measurements on the Orion 801A. NH,-N, NOQ—N and Orthophosphate meésurements
were made during 1979 and 1980. Dark sample bottles were used for orthophosphate
measurements. Specific ion probes were used for nitrate and ammonia measureﬁents on
the- Orion méter, Model 801A. The procedures are clearly describéd in the Instrument

Manual.

Suspended and volatile soﬁds. The samples for suspended solids -were collected ‘in

473 ml capacity standard 1 pint milk bottles with a depth. integrating sampler DH-48 in the
.river as shown in Fig. 8. Samples were collected at 3 verticals across a section as prescribed

in Guy and Norman (46) at each site and transported in a wire case to the laboratory

. where analysis of SS and VSS were carried out aécording to Standard Methods (_1 18). The

sarﬁpﬁng procedure in_volv_es inserting a clean sampling bottle into the sampler, a'fter
checking the nbzzle for any obstruction and then lowering t_d the water surface for propef N
orientation. If the sampier was propérly orienteci, When the noizle was just above the
water,‘ the tail vane éhoulq be in the water. Depth integration at this point was accom-
plished by lowering tﬁe sampler to the stream bed at a “uniform trangit rate.” When the
sampler touéhea the stream be;,d, the direction was reversed and the sarﬂpler was raised.at a'
“uniform trénsit rate” un_til’ it cleared the water surface. The use of the d_epth‘inte‘grati,ng
" sampler fa'c_:.ilitated obtaining samples representative of th-e, water solid mixture moving in

the stream in the Vicinity of ‘the sampler. The % in. nozzle in the sampler allowed wa’cer_
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Fig. 9. Current Meter Measurements at Site 2.
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Ii_lovement into the sample bottle at the same velocity as the surrounding water velocity.
Samp}e concentrations obtained by this proceduré at the 3 verticals were avéeraged out to

determine the mean across a section.

Hydraulic Measurements

Field instrumen_ts and equipment: Price type AA current meter N 0. 6_22, parts for the -
round wading rods; .1 00 ft. steel tape; automatic counter and head phone; stop watch.

The current meter measurements were done according to the U.S.G.S. procedure |
describéd Ain' Buchanan 'aﬁd Somers (16) using the six-tenths depth method with the ﬁeld '

instruments and equipment given above. The discharge measurement was based on the

equation,
Q=2 W 25)
where. |
| Q = total discharge across a section
r, = anindividual cross-sectional area
‘u = corresponding velocity for the cross-éecti_onal area‘

Velocit§ measurements were taken évery 2 ft. .close to the banks and 3 tvoi4 ft with uni-
form depth in the middle of the stream. Partial discharges were obtained usiﬁg the avefage
of two mean velocities, the twd depths and the distance between the locationg. Current
meter measurements during the summer and fall were madé-by wading the stream. Six—l
tenths-depth adjustments for velocity measurements were made manually as a top-setting
rod was not available. This method is considered satisfactory when the depth in a stream is

Jbetween 0.3 and 2.5 ft. The important point to remember in these measurements is.to
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stand. in a position at least 18 in. or more from the wadiﬂg rod. This procedure would least -

affect the velocity measurement. Width measurements were made by a 100 ft. steel tape

tied across the stream. Fig_. 9 shows the picture taken during a discharge measurement at

Site 2.

Measurements of Biofilm Parameters’

Measurements of velocity and depth we.re, made at all six sites for thé biofilm studies
during 1980 and 1981 to provide constant hydraulic conditions so that changes in biofilm

growth 6n glass slides would correspond to the water quality.-

Thickness and mass measurements. Two to three glass ‘microscope slides were re-

moved from the bricks pér site at a time and transferred to labelled petri dishes containing

small volumes of river water. After co]lectién of slides at all six sites was completed,

~ they were transpdrted to the laboratory for immediate analysis on morphology and film

thickness. Duﬁng the preliminary study, slides. with films were tranéporfed to the labora-

. tory in a slide tray immersed in river water. In order to reduce disturbances in the films

. caused during transport by a large afnount of water in a tray, it was preferred subsequently

to ﬁse petri dishes which dffére,d minimal (Iiisturbanc'es. during :transport.. The bioﬁim
thicknessgs were ﬁleasured lisix_lg the Optical Microécope techniqlie which has been found
to be ac.curellte up to at least 300 yﬁl in past studies (108,1 28).' Slides with films w;re kept
vertically to drain the excess water for about two ‘minutes before placihg them 6n thé
Nikon Microscope Staée. Average film depth on each slide §vas made by taking 3 to 4
random depth measurements across the biofilm excludihg the blani< areas. Using tﬁé

Optical Microscope téchm',que, the film depth was measured first by lowering the 10X
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objective until the film 'sixrfacre was in focus and noting down the fine adjustmént dial
setting and suBsequently further lowering the objective until thé slide surface was in focus.
The difference of the measurements gave the film‘depth inv microns. This procedure was
repeated across the slide. The method has its. 6wn li'mitétiéns'. When.mea;uﬁng thicknessés
aﬁove 300 um, a portion of the .film must be removed to expés’.e the élass surface. This“
might introduce some ef_r,oré. Secondly, care must be exercised in focﬁsing and keeping
track of the fine adjt_xstment dial setting of the stage ricrometer which is_ difficult. Erl;ors
can also be introduced into the measurements by different individual perceptions of f(.)cus
points. In spite of these p¥ob1ems and possible errors, this fechnique has been found to be
fairly accurate a_nd reprodpcible with sufficient care.

.While making the‘ thickness measurements, biofilm rhorphology was also observed
' microséopiqaﬂy.

Ma;«;s Measurexﬁent: The dry Weight (DW) and Ashfree weight or the volatile mass
(AFW) were determined on the biofilm using. thé procedures recommeénded for periphytbh
in Standard Methods (118).' The slide surfaces or known areas of cobble surfaces .w’ere
scraped with a blade ’after ﬂnishing the thickness measurements and the mass transferred
into tared porcelain crucibles. The scrapihgs were dried at -100_°C to a constant weight,
cooled in dessicators and weighed. The crucibles with the dry mass were ignited in a mufﬂg
fu.rnécé and volatilized at 500°C for 'an hour. The mass was wet with distilléd water to
compensate 'for. any water lost from the minerals, oven dried, cooled and reweighed. The
ash free weight (AFW) used generally as a measure of biomass Was determined from the

difference between dry and ash weight.
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Chlorophyll measurements. The field sampling ahd laboratory analysis procedures

used 'are described' completely in Slack et al. (115) and Standard Metho_ds (118)..The step
by step procédure therefore will not be given except fqr the main points. Natural biofilm
samples were collected by scraping known ar‘eas'from cobbles across the rivér section
from each site. Biofilm samples grown on microscope slides were also franépoﬁed to the -
laboratory and scraped for aﬁalysis. Samples were kept in dark enroute to the laboratory.
After the 'ﬁbmogenization was completéd in a glass pestlé-type tiésue h_omogenizer with
_ 90% acetone, the ext.ractions were steeped in dark beloQ'Of’C for 24 hours to obtain
complete' extractic;n., In the final step, the samples wefé analyéed ona spectrophotometer.‘
Initially the Specfronic 20 was used but subsequently with the use of a narrow band Series
634 Varian Techtron UV-visible Spectrb_photo‘meter, m_e‘asurements were taken on this
instrument: fc;r‘ bet_ter accuracy. The absorbance could be read.to = 0.001 units. Cells
used were with a light-_'path of 1 cm. Concentrated samples .reading 0.5 and above were
Idiluted with acetone for spectrophotometric measurementé. At the beginning, after oné
trial and personal communication with Dr. Lawrence Bahls of the Water Quality Bureau in
Helena, who worked on diatoms in the East Gallaﬁn River for his D‘isserta'tion,‘ some
réfinements wéfe made in. the samblirig procedure. Whel\l scraping natural samplés from
cobbles, several cobbles at least three in numbei across the rivef section v&;ere sICraI.)ed'
instead of cobbles from the sanié point. Secondly biomass and chlorophyll measufeﬁlenté
" were done on fhe- same sz;mples instead of sampling separately for the de‘tei‘mination of
Autotrophic Index. After extracting the chlorophy_ll in 9‘0% acetone and centfifﬁging at
~3600 to 4000 rpm‘ for 10 minutes; the ch}oyophyn extraétion§ were carefu}ly transferfed v

from centrifuge tubes for spectrophotometric méasurements leaving the solid matter in the
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bottom to be used for mass measurements in -crucibles as given earlier. In this procedure,
the same sample is used for both chlorophyll and mass measurements increasing the

accuracy of the method.

Adenosine Triphosphate Analysis (ATP). The measurements for ATP werée made onls; ‘

-in _the'- féll of 1981. The reason for doing this aﬁalysis will be explained in the results
. section. The ATP extraction procedure is outlined in Clark (21) and Standard Methods
(119). ATP _measurements in this investigafion were analyzed on a Luminescence Biometer .
(DuPont Instruments) in the Microbiology Laiborat'ory using chemicals from Packard Co.
The procedure ﬁsed therefore would be discussed in greater detail. Excépt for one sam-
piing run, the others were carried out on natural biofilm samples scraped from cobbles.'
The field sampling procedure was the same as for _chlorophyll. The procedure déveloped
for this investigation was' based on Standard Methods (119) and Clark et al. (21). In
“essence, in this procédure, ATP was extracted iﬁiﬁally using an exfractiﬁg agent (Tris_
| _Buffer) and in the p.resenc'e -of excess firefly luciferase e;nzyme (PICOZYME F from Pack-
ard) ATP frodgced light in a certain reaction which wés measured by the Luminescence
Biometer. Thé calibration of the Biometer was done with buffered ATP calibrator :
(PICOCHEC from Packard) and measurements taken were accbrding tc; the step by step
procedure given in the Instrument Manual. E\.r.en' thdugh Standard Methods (119) recoxﬁ-
rflends', ATP analyses. on films grown on artificial substratéé, there wére insufficient slides
with growthsAavailable for several ATP:analyses by the time it was carried out in Ogtobex_'
1981.'Therefore natural biofilm se_lmples in three differént sets of sampling and only one -

set of artificial substrate samples were used in the investigation. One of thé difficulties in
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- makmg the sample suspension was to use the appropnate amount of filtered water in
makmg the suspensron at the beginning so that the ATP readlngs could be measured on the

‘ Blometer The mstrument is capable of measunng a range of 105 to 10° :fg/ml ATP Thus a.

tnal and error procedure had to be followed

Electron microscopy. This was.done only at specific sites on films grown on artificial -

_substrates because-of costs. The first trial.was, on films scraped from the slides and filtered

through a 02 um nuclepore ﬁlter Subsequently the procedure- was ret”med as the ﬁrst‘,_ o

tr1al d1d not provrde good electron mrcrographs The ref“mement was to cut very th1n glass "
strlps (3mm X 10mm) from shdes with growth wrth mmrmal drsturbance to the structure X
ThlS was accomphshed in the work shop.’ The samples were 1mmed1ately_ ﬁxed -'by glutar-
aldehyde followed by d1pp1ng into 10%, 20%, 40%, 60% 0% 'and'lOO% acetone solutiOns
In the case of the ﬁlter paper thm stnps had to be cut before th1s was done.. A crltlcal
point drying procedure was used to completely dry the samples The samples were taken to
" the Vetermary Research Laboratory for use -of the Electron Mrcroscope Copper stnps:
were used to ﬁt the samples which were powdered with gold (conductor) before placmg on -
the Electron Mlcroscope Pictures were taken at several magnifications ranglng from 500 to

20 000 dependrng on the rmportant details to be seen.’




'RESULTS AND ANALYSIS . -

, Preliminary Study |

HE

Some .of the’ resu_lts of the. preliminary study have - been preSented"_elsewhere'('104, ‘ |

105).

Hydrauhc Parameters

The overall perrod for prehmmary phase extended from July. to November 1979. The -
-steady state condrtxons were based on the steady -stream ﬂow measurements. made durmg
‘ that penod and was determmed to be from’ August to November It is clear from F1g 10.'

~ that durmg the steady state penod the stream ﬂow measurements at s1tes EG 1 and EG 3

-'show much sthaller varratlon than the rest of the sites and an almost constant d1scharge in~ .

| that .short reach of 'about:d to 7 miles below'.the sewage outfall, The higher .discharges |
‘below EG 3 are"_due to ‘the flow contributions from the m‘ajor-tribu-taries.to the_'éast
_(.}allatin River The Coefficient of Variation (C. V ) -deﬁned by the-(Standard" Deviation/
Mean) for steady state ﬂows varied from 8 to 10% at the f1rst 3 s1tes in contrast to about
'22% at the sites below them F1g 10 shows the d1str1but10n of mean stream ﬂows during ‘
. the overall study perlod in relation to the steady state perlod However, 1f the overall study : ‘ :
penod is cons1dered a C. V of about 20% was obtamed at -the sites EG 1 and EG 3 even
' though the var1at10n at s1tes below EG 3 was not s1gmf1cantly dlfferent from that obtamed. )
for the steady state penod In other words, maJor changes in flow occurred durmg July in "
,the stretch between EG 1 and EG 3 m a transrtron to a low steady state: ﬂow reglme |

- However, such a change was not seen at the sites below EG 3. The mean ﬂow veloc1t1es in
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the-study reach vaned from 1.50 to 2.13 ft/s with an average 2 ft/s at EG 2. Sumlarly
depth measurements mdlcated a variation from 0.9'to 2. 8 ft w1th an average 0.9 ft at EG 2.

The bed elevations estabhshed at all six srtes are glven in the Appendix.

Water Quahty and Bioﬁlm Parameters

The sewage efﬂuent characteristics given in Table 2 for the study period show the

inadequate treatment in the treatment plant resulting in a low quality effluent.

Table 2. Mean Values for Sewage Effluent _Characteristics.

BOD, , 77 mg'/fL

NH37N - . . . 7.15 mg/%
NO&N "~ 0.14 mg/%
VP04—P . 5.08 mg/%

F;ow. . . 4.49-cfs

The tlistributions -of the measured water quality parameters at the respective sites are '
shown in Figtues I'1 to 14. COD measurements provided inconsistent, inconclusive data for
the river water and therefore are not reported. Turbidity measurements indicated a slight
increase below the outfall and then dropped back to a nearly constant value. Unless storm
runoff was present, av'erai;e turbidity values ranged from 3 to'6 turbidity units. The pH
distribution shown in l;“ig 11 established a consistently lower value below the sewage
outfall compared to EG 1 caused by the effluent discharge The stream, however, rerained
- 'slightly alkalme throughout its reach’ durmg daytime possibly due to photosynthetic
activity. The water temperature distribution show'n in Fig. 11 using measurements during

“the sampling from July to November shows a large variation due to the change of seasons.
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Unless otherwise referred to, BOD in this section wbhld refer td the tqtal BODL
including particulates. Fig. 12 shows that self-pilﬂficatibﬁ m streams occﬁrs very rapidly
below the sewage outfall in terms of BODy and DO. Drastic‘removal of BODy is seen
within 7 miles beléw tﬁe sewage outfall with ﬁjgh levels of DO at 9 to 10 mg/l at all sites.
Only a srﬂaﬂ drop in DO occurred below the sewage outfall. Using alfactor of 0.6 dete;';
mined frofn 1980 data for soluble to tétal BOD; at EG 2, a drastic reduction in éoluble
and particulate BODL can ‘be readily seen in the lstretch between EG 2 and EG 3. While the
partiéulate BODy. changes can be attributed mainly to physical mechanisms such as settle-
ment and scour, 'soluble BOD;j removal can be justiﬁal;ly:assuméd to have been caused by
biological mechanisms. Since the flow time between EG 2 and EG 3 based on the mean
flow veiocity at EG 2 is approximately 5 hours, the i)articulate BODy, removal could hav.é
been accomplished mainly by settlement, For the samé reason, the soluble BODL removal
i the first 7 miles could be attributed to the biofilms. The'effebt of suspended biomass
would have been smaller in this resbeét considering the short' trével time betwéen EG 2and
EG 3. ﬁODL removal' usiﬁg suspended biomass based on the BOD.rate constant (k}) =
0.137 . day™ was used to ‘predict values below EG 2 and ié shown in Fig. 12 in contrast. té
the measured BODj  at sites below the outfall. Thié ‘rﬁay indicate:
1.LA laboratofy determined k; value canno‘t. be used to_reaﬁsticaliy descﬁbe in-streain
'BOD'L values, lwhich has been indicated (148). |
2. Suspended bibmass has a ﬂegligible effect in comparison fd the biofilms growing on
thé steam bed in the removal of BOD. _
Ammonia as NH3 -N removed or converted in the river within fhe 7 miles below the

outfall can be seen from Fig. 13. The reduction of ammonia could have occurred in seyeral ,
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.w'ays. Fig. 13 shows the reduction in ammonia aceompanied byl a slight rise in nitrate. This
could have been mainly due to nitrification in biofilms in the short stretch between EG 2
and EG 3. Nitrification occurring in biofilms has been documented in the literature (130)..
. The contribution of organics and ammonia from tributaries should be considered below
EG 3. There are other mechanisms that'can be considered for the reduction in ammonia.
Some residents in the area have reperted ammonia smells during certain periods. Since the
river is alkaline, a certain amount of ammonia stripping is possible. But considering the pH
. values measured during daytime in the range of pH 7. .to 9, emmonia stripbing'can only be a
small ,percentage of the total reduction. Another important mode of ammonia removal ,
‘could be the direct uptake by algae. It rs possible to have all of these mechanisms occurring ‘
simultaneousiy. Fig. 13 also shows the orthophosphate variation at an almost constant
level with a slight‘ increase below the outfall.

An increase of SS and VSS .occurs' below the outfall, even with a near constant
discharge in the first 7 miles as shown in Fig. 14. The i_rlcrease may be attribu.ted' to the
scour of the streambed er the banks. Laréer variations in SS occurred below site EG 3 and
the standard deviations are therefore not shown for sites EG 5 and EG 6 in Fig. 14. Thisv
could be possibly due to the larger variations in s‘rream flow seen below EG 3 as shown in
Fig. 10..The higher flows, however did not increase the volatile solids.

Resul’rs of the biofilm characteristics during the preliminary study are given in Table 3
as .reported by Rubich (104). The depth arxd biomass in Table 3 are considered to be
equilibrium values computed by averaging the observed values after the slides had been
exposed for at least 20 days in the river. The equrhbrrum depth is an average of 40 to SS

* individual measuremen‘ts whereas the biomass averages are based on 10 to 19 measure-
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Table 3. Biofilm Characteristics During the Preliminary Study.

Site .  Film Depth Biomass BlOngSlty Prodyction
S Hm © mg/slide kg/m " g/m”-day
EG 1 364 . 29.2 42.8 1.2

_ EG 2 587 29.4 26.7 1.7
EG 3 226 14.5 34.2 0.83
EG 4 365 31.0 45.3 1.1
EG 5 255 20.9 43.7 1.1
EG 6 274 - 24.0 1.0

46.7 .

ments. Biodensity was dete_rmined. using the equi]ibriurn biomass and depth.- The lowest
biodensity was determined to be below the outfall while the production rate and equilib-
rium depth increase at the sarne location. The significant changes below the outfall could
be attributed to higher organjc loading. Organic. enrichment causing massive slime out-
Ibreaks have already been discussed under the review-of hterature |

Frg 15 compares the growth pattern of river biofilms growing under polluted and
. normal cond1tions The normal growth curve is produced. by combmmg data from EG 1,
EG 4 and EG 6. EG 3 and EG 5 were excluded because of the drffcrence in stream bottom
environment. EG 2 was used to represent polluted conditions with hlgher organic loading.
The 90% confidence limits on the normal growth curve indicate similar growth patterns at
- EG 1, EG 4 and EG 6. EG 2 sliows a wider divergence in the confidence limits indicating a

significant variability in the growths up to 30 days using slides placed at certain intervals

during the study period. Each data point is ‘an average of 10 to 60 individual depth“
measurernents; The curves in Fig.' 15. follow .a'general growth curve with the initial lag -

followed by log grovl/th and a nlateau phase. The study has to be extended more than 30

wt
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days td det'emline‘the plateau phase. Even though the study period of 30 days is not long" .
.énough to determine the equilibrium depth, both curves begin to drop before the'end of -

30 days indicating the beginning of a plateau phase. A longer lag period is also seen for the

normal growth curve compared to that of the polluted conditions.

A plot of mean biofilm depth with distance gives the river biofilm profile as shown in
Fig. 16 indicating a direcf relationship between the biofilm depth and organic load. If
similar hydraulic and mefeorological conditions are present at all sites, the variation in the
biofilm profile beloW the outfall can be attributed to the changes in water quality. Thé
v princiﬁal wéter quality parameter- that controlled the film profile in Fig. 16 was organic

carbon.

Major Conclusions from the l’feliminary Study

1. Based on the water quality parameter measurements done upstream and down-

stream o‘f the sewage outfall, the impact of the sewage effluent in the East Gallatin

River can be said to be felt only within seven miles of the outfall.
2. Biofilms are predominant in degrading the organics within 7 miles below the

sewage outfall. They grow to an equilibrium depth before significant sloughing

occurs. The river biofilm profile appears to correspond to the water quality changes ‘

below the outfall.
" 3.Even though near constant stream flow conditions exist in the first 7 miles below

" the outfall, an increase in SS and VSS is seen over the same distance.
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" Kinetic Studies

Pilot Plant Channel Study

Unless otherwise méntioned, substrate sugpended 'aind attached biomass are measured
in’ this study as soluble organic carbon (SOC), volatile solids (VSS) and Ash-frée dry weight
(AFW). Twenty experimental runs including three control runs and a run with tap water
were made in this phase of the study. Five runs considered questionaBle because the
inﬂuént organic carbon concentration varied significaﬁtly during the run hav_e_ been omit-
ted for purposes of analysié. They are, however, attached to the Appendﬁ(. Figs. 17 to 21
and 23(b) show the vaﬂafi:on of SOC, VSS énd DO for the regular ruﬁs witﬁ attached
" biomass in contrast to the variation shown for the control runs in Figs. 22 énd 23(a) .
witho.ﬁt the attached biomass. Fig. 23 illustrates the direct comparison of a reguiar run and
a control run: The vaﬁations shown for control runs in Figs. 22 and 23(a) establish the
negligible contﬁbhtions of the suspended biomass .in the utilization of soluble organic

.carﬁon' at the concentratioﬁ levels étudied‘. These concentrations cover the range of levels
existing in tﬁe river. The range of influent SOC values used in the study varied fro'm 5to
20 mg/1 énd the control runs were also made ét different cbncentrétions.

‘A large inérease in VSS wasn seen with tap water possibly as a result of endogenous
decay of the biomass contriButing to sioughihg as shown in Fig. 24. The DO also dropped
- for this run but not sign'ifiéantly. Eig. 25 shows typical variation of cﬁannel water tempera-
ture, influent and 'e_fﬂue'nt pH for regular and control runs which consistently: indicated
steady state conditioﬁs after 3 hours of the experimental runs. This was also evident from
Figs. 17 to 21 for Dd, SOC and VSS. The efﬂuent pH also increased compared to the

influent generally in all the runs, the increase being the smallest for the control runs and-
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highest in the tapwater run. The pH increase could be attributed to photoéyhthetic activ-
ity. Measurements of DO and pH at three different locations in the test length also indi-

cated complete mixed conditions which can be expected because of the high 'velocity

maintained in the channel.

Detennination of and Relationships for Rp, RD and Y A

~L

Determination of Rp, RD and Y A The calculations involved in determining RB, RD
cand Y A are given in this section. The equations develdped under the theoretical consider-

ations are given below:

RgA

ds B
V — = F(§;- §) - —

e R e (22)
dX
Vo= =F(X;-X) + RpA (23) -
dM

A .
—= =Rg- R Q4
" B D (24)

The notation has alreaidy been defined. It has been preferred in these set of 'equations to
use biofilm srield- coe'fficient in the substrate material balance. It may be reiterated that S
used for substrate in this equation will be measured as soluble organic carbc;n (SOC) and X
will be volatile solids (VSS). Table 4 summarizes the 'value's for the 3 parameters deter- .
" mined by solving the simultaneous algebraic eQuatioris ‘at steady state. The derivatives given
in equations 22 to 24 are much smaller compared to the total changes in the system'for ,
substrate, suspended and. attached biomass. The steady state conditions are therefore
justifiable.. "I‘he. mean values reported. in the table are ba.sed on the measurements taken

during the last 2 to 3 hours of a run. The variation of S and X for influent and effluent are




_Table 4. Determination of Rg, Rpy and Y 4 Under Steady State Conditions. |

_ _F (x-X,)
RB = RD = 3 i (26)
v, = (X-X;) (27)
‘Si—s)
Average Channel Mean SOC Mean VSS Feed Rate Bed Area
Run Wgter Si S Xi - X F A RB RD YA
Temperature (T) . .3 2 5 5
°c ' mg/% mg/% ng/L mg/2 m /h m g/m”~-~h g/m~-h g.vss/
g.S0C
2 18.0 9.61 7.81 9.26 10.18 0.065 0.80 0.076 0.076 0.51
4 23.0 19.89 14.80 21,99 24.67 0.065 0.80 0.217 0.217 0.53
8 18.8 + + 11.50 14.70 0.065 0.80 0.259 0.259 + 0
9 18.9 9.27 6.67 11.70 12.66 0.065 0.80 0.078 0.078 0.37 ¥
10 - 25.2 13.96 8.09 12.84 15.25 0.065 " 0.80 0.195 0.195 0.41
11 22.5 9.44 8.95 9.96 9.34 0.065 0.80 * * *
12 20.3 8.39 6.67 13.82 14.65 0.065 0.80 0.067 0.067 0.48
13 22.5 20.45 13.99 10.35 13.41 Q.065 0.80 0.248 0.248 0.47
14 - 26.3 14.30 6.60 13.25 15.42 0.065 0.80- 0.176 0.176 0.28
15 26.8 11.14 5.77 14.77 16.66 0.065 0.80 0.153 0.153 0.35
16 26.3 11.10 6.69 11.67 .13.24 0.065 0.80 0.127 0.127 0.36
17 25.2 8.67 5.89 11.34 "12.57 0.065 0.80 0.099 0.099 0.44
18 19.0° 16.60 16.41 23.60- 23.88 0.065 " 0.80 * * *
19 18.8 5.35 5.32 8.58 8.48 0.065 0.80 * * *
20 22.0. *x 5 0.00 3.04-  0.065 0.80  *% *% *h

*Control Runs
**Tap Water Run

+ OC samples were inadvertently thrown out before completion of the analysis.
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much smaller during the last two to three hours compared to the total changes in-the
system. The biofilm used in the study was groﬁn in fhe river for at least 30 days to ensure
steady state grdwth conditions. The variafion of biomass duririg the whole study period is
given subsequently in Table 5 with a mean of 35.75 g/m? and a Standard Error (S.E) of

1.59 g/m?. Assumptions of steady state are therefore considered justifiable in this study.

Relationships of Y, with S and S =S). The relationships of the calculated yield

coefficients with the reactor substrate concentrations méasured as SOC and the substrate
- removed’ indicated ﬁo significant correlation as shown in Fig. 26. The mean Y, was
determined as 0.42 with a Standard Error of 0.02. The Y A Vs (Si-S) plot pould also be
iﬁterpreted as showing very little oxygen limitation as otherwise Y , would have decreased
with increasing (S;-S). An effort was made to compare these calculated steady state yield
coefficients with measured yield coefficients which were determined using the formula,
M-M,)) + F ft(X— X;)dt
0

Yy = R (28)
F /(8- S)dt
0 .

Whete M; = biomass after time t, M, = biomass at t = 0 and the other.symbols'have al-~
ready been defined. In shoWing this compaﬁson, it is important to make a clear distinction
between the methods used in the determination 6f the calculated and measured yield coef-
 ficierts. Calculatéd Y, values, as alteady shown previously, were determined using steady
state values in Y A= X=X )/ (S; - S). Measured Y 5 values were determmed using equation
(28) where M and Mt were measured and the integrals were evaluated from the plots for S -

and X for the respective runs from t = 0 to 5 hours. The measured Y A Values were cor-
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Tabl_e 5. Biofilm Growth on Plexiglass Platés~—Biomass Measurements.

" Run ' Days of.Expos.u,re' o B-Jf,qma.ss _(:g/mz)-'

2 I = R o . 35.93
4 ( : .37 - L © 41.67

9 l 49 . - '-,'_3oi49f 
0 . 50 1 .:. o 41.66
12 ' E 52 B S £ 30.78

13 - 55 , ' 43.94
14 56 | , 32.53
15 - 58 o | 36.59
6 e2 32.11

17 | 63 . | 31.86
Mean . - ' | . | . 35.75

S.E. -~ - . I 1.59
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rected for the contribuﬁon to organic accrual by autotrophs using two different methods.
The objective of the two methods desg:ribed below is to determine this correction fa'ctor
(CF).
Method 1: A method similar to this has been used by Weber and McFarland (135)
The correction factor to account for organic accrual by autotrophs
CF = EZ . S (295
Al R

in which

Al = Autotrophic Index

Organic Biomass (g/m?) as Ash free weight -
Chlorophyll a (g/m?)

Weber (136) employed and used the Al to indicate changes-in the rz:itio of aufotfophic to
heterotrophic community strucfures. An Al of 67 has been .used as an ave_rége value for
pure algal cultures.

Method 2: This method is based on conversion factors found i in the hterature The
ratio of Chl. a to cellular orgamc carbon is first used to estimate algal biomass as organic
carbon. Similarly converting, biomass measured as Ash free weig‘ht (AFW) t.o cellular
- organic carbon, |

CF = Algal biomass as organic carbon o 30)
" Total biomass measured as AFW . '

converted to organic carbon

Even though published conversion factors for mg cellular cérbon/rrig Chlorophyll a vary
from 25 to 100 (21,42), the commonly used ratios range from 30 to 60 (21, 42 ,140). In '

th1s method the range of 30 to 60 will be considéred and the ratio that ylelds compatible




100

.results with Method 1 will be used in the andlysis. Researchers have also estimated
Aufwu'chs organic carbon by taking half the value of AFW.

| It can be feadily seen that there are probiems in choosing conversion factors in these
methods because. of variations duﬁng seasoﬁs ahd changes. in commﬁnity structures..'
However, for tﬁe purposes intended here, it is sufficient to use the conversion factors
availabie in the literature. The mean equiljbrium bi?ﬁass grown on plexiglass plates duri_ng
the experimehtal study period“is 35.75 g/m? with'a_ Standard Error (S.E) of 1.59 g/m* as
shown in Table 5. Using the mean chlorophyll a of 100.3 mg/m? aé given in Table 6 and
'_ the mean equilibrium biomass of 35.75 g/m?, the Autotrophic indé)é can be determined as
Al = 356. The biofilm growth study done on glass slides at Site 2 as shown subséquent-
ly under the section of river modeling yielded an average biomass of 31.55 g/m? and a
chlorophyll a of 95 mg/m?. This shows the close relationship of plexiglass and glass slide

growths.

Table 6. Chlorophyll a Measurements on Plexiglass Plate Growths.

Run Days Chlorophyll a (mg/mz) _ Comment .
0 49 | 96.4 Shaded area of channel
9 - 49 _ 84.0 ) ‘Unshaded area of
: . channel ‘
16 62 . g i12.8 - . . Shaded area of channel
16 62 108.0 Unshaded area of
: channel
Mean ' ‘ 100.3

S.E. , 6.4
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. During some experimental runs, on days with clear skies, about one third of the
plexiglass plate oﬁ the. channel bed was shaded by the channel sides. ’I"he dhlorophyil |
measurements in Table 6 are not sufficient to make any definitive statement about the
difference in shaded and unshaded areas and attribute them to the shade. Ba'lsed on the

measurements and conversion factors given, the correction factors can be determined as -

follows: ' .
Biomass = 35.75 g/m*,Chl.a = 100.3 g/m?, Al = 356
' 67 - L
Method 1: - - CF. = Al X 100 using Eq. 29.
= 18.8%

100.3 X 30to
100.3 X 60 mg/m?

Method 2:  Algal biomass as celiular carbon

3009 to 6018 mg/m?

3009 x 100 ¢ 6018 X 100
0.5X35.75X 1000 © 0.5X35.75X 1000

using Eq. 30

16.8% to 33.6%

It

Cons_idgring botﬁ methods and the values obtained the correction factor to éccount for the
" autotrophic contribution to organic accrual is nparly 18%. .The measured yield coefficients

. calcqlated~ from Eq. 2 and corrected for the autotrophic contribution td orga.nic accrual are
tabulated in Table 7. The comparison and good ‘agreement of measured Y A given in the
third column of Table 7 a;ld the calculated Y is shown in Fig.-27. It must be récognized

however, that after correcting for autotrophic cbntribution to 'organic accrual; the balance '

Biomass would include the gelatinous material in the film in addition to the heferotrophs.'
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Table 7. Measured Yield Coefficients.

Bun "+ Measured YA‘ T+ Measured YA * Calculated Y
' g-Vss g.VSSs
'—':‘gc—)-é- Corrected ——E-(—)-c—:
d for Autotrophs 9.
g-VSsS
g.S0C
v (2) (3) 3 (4)
10 0.38 o ©0.31 0.41
12 0.69 0.57 0.48
13 ' 0.70 0.57 - 0.47
14 0.49 | . 0.40 0.28
15 0.54 0.44 0.35
16 0.60 0.49 0.36
17 0.54 0.44 - 0.44
Mean 0.56 0.46 0.40
S.D. 0.11 0.09 0.07
S.E. 0.04 . 0.03 0.02
i L= - X - X.)dt -
4+ Determined from Y, (Mt Mo) + E;HL ( _Xl)

t
F {(si s)dt |
1+ Column 3 = Column 2 x 0.82 based on the correction factor = 18%

* From Table 4
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CALCULATED YIELD COEFFICIENT

Fig. 27. A Plot of Measured and Calculated Yield Coefficients.
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Temperature Relationships for Rg

‘Temperature effects’ on biological reactions have been discussed in the literature
review. Temperature correctlon coefficients 0 of the form ke = koo T-20' have been used
where k and k,, are reaction rates at T° C and 20°C The value of § has been found to
vary from 1.056 to 1.135 in different temperature ranges and a common value of § =
1.047 has been widely used in biological reactions (85). Instead of using values from the

literature, an effort was made to determine § from data available in this study.
Let RB =R, 07120 | BN EI)
{In RB] =Ing [T- 20] + In RB (32)

The plot for thls equation is shown in Fig. 28. Two outhers in the plot have been excluded ‘
because of a much lower correlation coefficient. From the computer output of the
‘MREGRESS’ subroutme of the statistical programs available in the computer hbrary at
Montana State University, the regression statistics are summarized in Tabie 8. The results
of the t-test indicates that 'a significant correlation exists at a level of signiﬁcance of 0.01.
The .correlation coefficient is 0.84. From the slope given in the fit, 6 = 1.098. Rp values
can also be corrected for temperature using the same relationship since Rp = RD under

steady state conditions.

Table 8. Regression Statistics in the Determination of 4.

Std. Exror (S.E.) Intercept Correlation T-value f p-value

'Slope of Slope Coefficient .
‘ __(R)
0.094 0.025 - 2.50 0.84 . 3.75 0.0096..

+ Descriptive level of significance.’
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Determination of Relationships Between Rg and §

Relationships between Rpg values, uncorrected 'and' corrected 'to 20°C and substrate
mgasured as -soluble Organic Carbon (S) are developed using statistical methods and shown
in Table 9. - o o '

The results in Table 9 indicate that in developing a relationship between Rp and S,

the uncorrected Rp values are significant at.a l'evel of significance of 0.02 while the

Table 9. Regression Statistics for RB vs. S.

S °g . RBz | RBEO S3 ’
g/m°~h g/m -h g/m
2 18.0 0.076 0.092 7.81
4 23.0 0.217  0.164  14.80
9 . 18.9 Q.078 " 0.086 6.67
10 25.2 ' 0.195 0.120 8.09
12 . 20.3 0.067 0.065 . 6.67
13 22.5 0.248 0.196 13.99
14 . 26.3 0.176 0.098 6.60
15 . 26.8 0.153  0.081 5.77
16 26.3 0.127 . 0.070  6.69
17 25.2 | 0.099  0.061 5.89
Regression ' Slope SE of Intercept .Cérrelaj:ion T-value +p4va1ue
Slope Coefficient
: ~ (R)
" Ryyo VS S ' 0.0126 0.0017 =-0.0014 0.93 7.396 0.00"
R, VSS . 0.014 0.0047 - 0.027 o.ig . 2,97 . 0.018;

_+ Descriptive level of significance.
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"temperature corrected RBQO \(alues are significant at 0.01. The correlation coefficient

in‘creases from 0.72.to 0.93 on correcting for temperature. The best fit for the data can be

" given as:, s
Rpo = 0.01265 - 0.0014 | .63

Since the inteicept is small compared to 0.0126S, Eq. (33) can be fitted with a zero

intercept and tested for its significance as shown in Table 10. Table 10 shows that the .

intercept given in Eq. (33.) is insignificant which_ provides a statistical justification for a
zero intercept.

- With a zero intercept, the relationship becomes,

Rpyg = 0.01268 <O

A plot of this equation is shown in Fig. 29. With a constant steady state yield coefficient, -

this suggests first-order kinetics for the substrate (Soluble Organic Carbon) uptake by bio-

films.

Table 10. Testing the Significance of Intercept in Rpopq vs. S.

Intercept SE of T - Value +p ~ value.
Intercept )
- 0.0014 0.015 - 0.094 © .o28

t Descriptive level of significance

Detachment Rate-Biomass Relationships

It is reasonable; to assume that increase in biomass for biofilms would iﬁcrease detach—

ment rates. Therefore, it is justifiable to forimulate Rp as a function of biomass in the fol-
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lowirig manner:
Rp = aDMé R . (35‘)
" in which the symbols.have already been defined under theoretical considerations. In this
._section, scour coefficients ap and g will be evaluated for the system,
Eq. (35) can be linearized as follows: | o
InRp = gInM + Inapy - | @6
Table 11 summa:rizes the linear regression sta1;istics for Eq. (36). |

‘The relationship given in-Eq. (35) becomes:
Rp = 147 X 1075 M2#s ' (37)

The yaﬁation of R with .M is shown in Fig. 30. A linear plot, was also possible for RD vs
M with almost the same correlation coefficient. But the linear form of the eéuatjon had an
in'tercept term. Theréforé, based on théorét_ical, considerations, Eq. (35‘)' was preferred in
. establishing the Rb , M relationship. The confidence intervals for all the.relévanf parame- .
. ters will be summarized in the subsequent séction at the end of the results on channel

study.

Other Possible Relafionships

Specific biomass production rate vs. substrate concentrations. If RB is converted into

a specific biomass production rate, 1 = RB/M A Fig. 31 shows the ;/ariation of l;s wjfh S.In
this ratio, RB véllue_:s corrected to 20°C and biomass corrected for the autotrophs. M A)
were used. The implicationé of this curve in relation to saturation kinetic expressions will

be discussed subsequently under discussion.




Table 11. Relationships of Ryy and M with Statistical Analysis.
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Run TRB M in RD In M
g/m”-h c_:;/:m2 '
2 . 0.092  35.93 - 2.39 3.58
4 0.lc4 41.67 - 1.81 3.73
9 0.086 30.49 - .2.45 3.42
10 0.120 4]1.66 - 2.12 , - 3.73
12 0.065 30.78 - 2.73 " 3.43
13 0.196 43.94 - 1.63 3.78
14 0.098  32.53 - 2.32 3.48
15 0.081 36.59 - 2.51 " 3.60
16 0.070 32.11 - 2.66 3.47
17 0.061 31.86 - 2.80 3.46
Regression: .
Slope SE of Intércept SE of Correlation T-value p-valﬁe
Slope |, Inter- Coefficient Slope Inter- Slope Inter-—
. cept (R)" cept . cept
2.46 0.48 1.73 0;87 5.06 =-6.42 0.0 0.0

-11.13

Scour éoefficients uD and B for the system are evaluated from the
best possible correlation between RD and M. For this purpose, RD
values used are corrected to 20°C which gives a correlation coefficient
(R) of 0.87 compared to 0.78 without the correction. Both relationships

were significant at a level of significance of 0.0l.
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M A values were obtained by multiplying values of M given in Table 5 by 0.82 based ‘

on the correction factor developed earlier.

Solﬁble organic carbon removal and loading rate. The values of soluble organic car-

bon loadmg rates (RL) calculated accordmg to, RL F S. /A are tabulated in Table 12 in
which F = 0.0648 m3 /h and A=0.8m?
. Fig. 32 shows a large increase in SOC removal in the range of Ry from 0.7 to 1.0

g/m?-h and possible stabilization beyond 1.0 g/m?-h. Increasing the substrate concentra-

Table 12. Calculation of Soluble Organic Carbon Loading Rates.

Run S. R

mg/; ) g/m -ﬁ‘

2 9.61 , 0.78

4 19.89 - 1.61

9 9.27 0.75
10 13.96 1.13
12 8.39 ' 0.68
13 20.45 . 1.66
14 14.30 - 1.16
15 11.14 o .. 0.90
16 11.10 ' 0.89

17 -8.67 0.70
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tion would enhance substrate penetration into the film thus increasing the metabolic activ-
ity. This may iﬁcrease the substrate removal rate. However, with further increases in sub-
strate concentrations, the changes of oxygen_li'mitafcions,m the bottom of the film are aléo
increased. The balance between the increased metabolic activity.of the film and anaerobic

product formation would tend to stabilize the substrate removal rate.

Summary Statistics for Important Parameters Developed

Relationships of Rp and S. A statistically significant relationship was developed as
given below: | '
Rpsyo = kp . S (34)
where kg = 0.0126 m/h, S.E. (kg) = 0.0017 from Table 9.
The upper and lower limits of 95% confidence level for kg are 0.0164 and 0.0088
m/h_. The hltefcept obtained for Eq. (33) 'was.f(')und to be statistically insignificant as
shown in Table 10. The effect of the variation of kg on the model for substrate decay will

be studied under sensitivity analysis.

' Rélationshjp ot; Rp and M. A detachment rate-biomass relationship was developed as
-given below: |

Rp = apM?P : (37)

in which ap = 1.47 X 1075, =2.46. From Table 11, S.E. (8) = 0.48. The upper and lower

limits at 95% confidence level for § are 3.54 and 1.38 which become 3.12 and 1.80 respec-

tively at 80% confidence -l'ev.e,l, S.E. (In ap) =1 .733. The 95% confidence intervals for ap =
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7.39 X 107 and 2.91 X 10”7 which become 15.9 X 107 and 0.13 X 107 respectively at,
80% confidence level. | | |
The method of obtainiﬁé confidence intervals for a parameter like ey in a non—linear
expression from a 1inearjzed plot was adapted from Sokal and Rohif (117). The 95%
confidence bands for ap and 8 appear to be wide and the use of lesser confidence levels

have also been shown.

Biofilm yield coefficient. Mean steady state biofilm yield coefficient (Yp) was

determined to be 0.42 mg.VSS/mg.SOC. With a S.E. (Y4) = 0.02, 95% confidence band

for Y 5 is 0.38 to 0.46.

Temperature correction ceefficient (8). An expression of the form Rp = Rpog.

6T~ 20 was developed as glven in Eq. (31) where 6 =1.098. S.E. (ln 6) = 0.025. The upper

and lower limits at 95% conﬁdence level for 6 .are 1.165 and 1.035 respectlvely

. Field Investigations in the River

River Data Collection and Modeling

On the basis of the preliminary study results given earlier, data collection during the
summer and fall of 1980 and 1981 were restricted to about 7 miles (11.27 km) below the
sewage outfall, which is here-in-after referred to as the study reach, as the water quality
parameters returned to the background leveis within this distance. Data collection of -
- hydraulic, water quality and biofilm parameters during 1980 and 1981 will be presented '

together in the subsequent sections.
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Hy'drau]jc and physical parameters in the study reach. Stream flow measurements

were made at the selected sites in the study reach on several occasions. The determination
of steady state values for hydraulic parameters are shown in Tables 13 and 14 wﬁich
indicates mean stream- flows of 72.4 cfs and 80.3 cfs for 1980 and 1981. respectively.
Measured sp;ing high flows in 1980 which zir_e not included in thi'$ report indicated a rénge
~of 300 to 600 cfs in the study reach compared to the low summer flows given in Tables 13
and 14. Water wid-ths tabulated in Tables' 13 and 14 indicate a \'rariation of 38 to 61 ft.
More water width meésure'ments were _made tﬁan the stream flow because they were
quicker.. Tables 13 and 14 give average steady state flow velocities of 2.0 ft/s and 2.08 ft/s
at Site 2 during 1980 and 1981 respectively. The relevang.e of all this information in
developing model input data for the hydraulic parameters will be shown subsequently.
Summary of steady state values for hydraulic parameters for 1980 and 1981 are éiven in
Table 15. ‘

In the short study reach, average steady state values for the flow velocity and depth.
have so far been established based on suqh measurements made at selected sites: A pro-
" cedure developed using the mean steady state stream flow in the study reach to estimate

the average depth and velocity for the whole stretch is shown below:

Estimated Mean Flow depth in the study reach (H) = —— . ~ 40

Ap

where

Q = steady state stream flow

tp = time of flow = L/U,

-
]

length of study reach
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“Table 13. Hydraulic Measurements, 1980,

Date Site Streamflow | Flow - T Flow Cross-Sect. . Water
' cfs Velocity Depth  area of flow width
' ft/s _ ft sq.ft ft
7/10/80 2 154.5 2.30 1.01 58.4 48.0
7/10/80 5 139.0 2.81 0.89 45.9 56.0
7/18/80 2 122.5 2.20 . 0.90 © 42,2 50.0
7/18/80 4 105.7 1.95  0:89 47.0 -60.0
7/18/80 6 100.5 1.20 - 1.35 59.7 45.0
.-8/01/80 2 90.8 2.01 0.80 43.4 46.0
8/01/80 " 4 82.9 1.70 0.70 45.5 64.4
8,/01/80 5 - - - - 42.0
'8/01/80 6 74.2 *1,03 *1.21 *54.5 45.0
8/08/80 2 65.3 2.05 0.69 26.2 42.0
8/08/80 4 - - - 58.0
8/08/80 5 50.8 1.69 0.70 30.7 44.0
8/08/80 6 50.0 *0.86 *1.28 *48. 4 41.0
8/19/80 2 88.7 2.00 0.72 34.5 46.0
8/19/80 4 79.5 1.79 0.74 40.8 58.5
8/19/80 5 - - - - 42.0
8/19/80 6 72.9 *1.03 *1.36 *60.8 44.0
8/29/80 2 76.3 1.95 0.71 32.5 47.0
8/29/80 4 74.6 1.61 0.71 41.0 59.0
8/29/80 5 60.0 1.70 0.76 33.1 40.0
8/29/80 6 - - - - 44.0
10/20/80 2 75.3 1.98 0.68 33.7 46.0
iMean = 72,4 1.85 0.72 36.14 47.6
S.E. 3.70 0.05 0.009 1.96 . 1.80

+ Bach flow velocity and depth is an average of 15 %o 20 measurements
across the respective sections.

# Only measurements below the dotted line are used in thls determlnatlon
of steady state values for parameters. ‘ :

* Site 6 measurements were not considered in determlnlng the mean to be
consistent with the mean determined for 1981. Besides Site 6 measure—
ments for average depth and veloclty do not reflect those of a shallow

' . turbulent stream as-evident from personal observation and measurements
at other sites in the study reach.




~ Table 14. Hydraulic Measurements, 1981,

S.E.

_ " Stream +Flow TFlow . Cross~Sectional . Waterwidth
Date - Site flow Ve1001ty depth area of flow :
- cfs - ft/s | ft sq. ft ft -
7/23/81 2 124.7 2.54 - 1.18 45.2 39.6
7/31/81 2 120.0 2.37 1.15 43.6 39.8
"7/31/81 4 115.5 2.15 0.77 43.2 61.0
7/31/81 5 96.6 1.84 0.00 '44.8 45.0
8/07/81 2 91.8 2.26 1.08 40.4 38.0
8/07/81 3 . - - - - 45.0
8/07/8L 4 - - - - 60.0
8/07/81 5. 8l.1 1.89 0.86 36.4 "45.0
8/07/81 6 - - - - 43.0
. 8/14/81 ‘2 84.0 2.01 0.99 36.5 .38.0
8/14/81 3 - - - - 45.0
8/14/81 4 86.0 1.71 0.83 39.8 60.0
8/14/81 5 - 66.4 1.76 0.72 33.1 46.0
8/14/81 6 - - - - 44.0
. 8/20/81 2 88.6 2.06 1.04 38.6 38.0
.8/20/81 3 L= = - - 45.0
' 8/20/81 4 87.3 1.71 0.81 0 39.4 60.0
8/20/81 5 76.9 1.78 0.73 33.2 48.0
8/20/8L " 6 - - - - 44.0
8/28/81 2 78.9 2.01 1.00 36.3 38.0
8/28/81 '3 - - - - 44.0
8/28/81 4 - - - - . 60.0
8/28/81 5° 62.0 1.72 1 0.69 31.7 48.0
8/28/81 6 - - - - 43.0
TMean 80.3 1.89 0.88 ' 36.5 46.6'
3.05 0.06 0.04 0.95 .1.70

+Each flow Veloeity and depth is an -average of 15 te 20 measurements ..
across the respective gections. : .

*0n1y measuxements below the dotted line are used in. thls determlna—'

tion of steady state values for parameters..
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Table 15. Summary of Measured Steady State Values for Hydrauhc Parameters Durmg the

Study Period. -
Y - Flow : Flovt Cross—ﬁectional Watexwidth Stkreanm ‘flow' -
Year Velocity Depth . area of flow _ : -
ft/s . ft sq. ft ‘ ft. cfs
1980  1.85 0.72. 36.14 47.6 .. 72.4
1981 - 1.89 .  0.88 36.50 46.6 0.3
U, = mean flow velocity at Site 2 - -
- Ap = estimated plan area of the study reach '

Futile attempts were made to measure A drrectly from the largest avallable areal maps of L

the study area because of the small river dlmensmn for the width. This problem was -
overcome by using the average measured water width (W) in the study reach during_steady -
state as given in Tables 13 and 14. Then Ap can be estimated by"Ap = (L.W). -

Using the measured average cross-sectional area of flow (Ac) and steady stream ﬂdvy
in the study reaeh, meah _ﬂdw velocity in the study reach (U) can be estimated as,

| | U = Q/Ac o @
Equations.(40) and (41) earx be used to deterrnir\e the- estimated .mean ﬂow depth and
veiocity in the study reach during the steady state flow period. .

Now usmg 1980 values from Table 13, |

6.74 X 5280
L/U, = ———— = 4,94 hours

2.0 X 3600
'Q = 724 cfs
= 476

W
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Therefore,
- Qe 724X 4.94% 3600
A, 674X 5280X 476
H = 0.75 ft
Also,
724
= %614 = 2.00 ft/s

. Similarly using 1981 values from Table 14,

te = 4 75 hours
Q = 80.3 cfs
W= 46.6 ft
H= 6.83 ft
U= 2.2ft/s

The estimated flow depths b'y this procedure are H = 0.75 ft and 0.83 ft eompared to H = .
0.72 ft and 0.8 ft as given in Table 15 for 1980 and 1981 respectively. A similar compati- |

son of ﬂow velocrtres indicate estimated_ flow velocities of U = 2. 0 ft/s and 2.2 ft/s in
' comparrson to U = 1.85 ft/s and 1 89 ft/s. The chlef drfference between the estlmated '
- values for H and U and values given in Table 15 stem from the fact that estrmated values""

~were based on steady state stream flow consrderatrons and morphometry 1n the study

reach. The estimated values for H and U cal;culated by using steady state stream flow R

conditions would. be used in the model input subsequently. The variations for H and U
however, can be tested by a sens1t1v1ty analysrs Determination of mean water temperatures ,

in the study reach dunng the sampling period are given 1n Table 16 for 1980 and 1981
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Table 16. Measured Average Water Temperature in the Study Reach During Samplmg
Period, 1980and1981

“bate . . . TAverage Temperature (°C)

1980 1981 e K 1980 1981

- 7/10/80  7/23/81 | 2 21.4 ©  16.3
7/i8/80 " 7/31/81 o 17.5 17.3
8/01/80 8/04/8L - - 19.6- 19.8
8/08/80. 8/07/81 - ©19.3 19.2
8/19/80  8/12/81 S 418l 21.5.
8/29/80 8/14/8L - 18.8 19.2
10/20/80 - 8/18/81 . 17.8 18.7
- ©8/20/81 S - - 20.7.
- 8/25/81 : . - 18.8
= .8/28/81 - _ - 21.6
Fean - 18.8 19.9

" S.E: ) S _ 0.3 0.4

T .Each average temperature in the study reach is an average of 6
temperatures measured at the dlfferent sites.

¢ Mean Water temperature in"the,study reach to be used in model
testing is an average of 3Q invidual temperature measurements
taken during sampling perieds in 1980 and 48 in 198l.
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The steady state values for hydraulic and physical parameters used as input to the

model are summarized in Table 17.

Table 17. Summary of S_teady' State Values for Hydraulic and Physical Parameters in the
Study Reach Used as Input to the Model.

. Study . Stream Flow depth  Flow Velo- Mean Water

Length Flow _ ocity temperature -
Year = L mile(km) Q cfs(m/s) H ft(m) U ft/stm/h) - - Toc
_1980 6.74 (10.85)  72.4 (2.05) 0.75 (Q.22).2.00 (2195) 18.8
1981 . 6.74 (10.85) 80.3 (2.28) 0.83 (0.25) 2.20 (2415) 19.9

Water quality paramelers. Several measurements of the water quality parameters

were made on different occasions durirlg the study period. TOC measurements were
introduced during 1980 and continued during 1981 for purposes of quantifying-organic
carbon. Figs. 33 and 34 show the relationship between soluble and tort'al organic carbon at
various sites. .The points chresponding to soluble organic carbon in these figures are :
slightly displaceq for clarity.,These figures indicate that during the steady state low flow
. period, a major proportion of the organic cérbcl_n in the river is soluble. Also, the highest
partil:’ulate carbon concentration exists at Site 2 below the outfall, and a significant reduc-
tion of the particulate carbon occurs by Site 3 or.4. Changes in organic carbon are almost
complete by Site § . Comparéd to the change in SOC occurring between Sites 2 and 3, 'Figs.'
| 33 and 34 indicate minimal changes between Sites 3 and 4. It is impbrtant t6 recognize
that the measured OC -values in the overlying water include contributions from the sewage
dutfall, algal by products and streambed séour. BODj follows a decay i)attern similar to

that of organic carbon as shown in Fig. 35. As observed in the preliminary study, the
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BOD;, returns to the backéround concentration within 6 to 7 miles. The solub.le BODy is
nearly 60% of the total at EG 2. The propo.rtion of soluble to total BODy, sﬁbsequently
increases due to the reduction in particulates by Site 3. Except for a small drop in DO
below the outfall, Figs. 36 qnd 37 indicate high levels of DO ranging from 9 to 12 mg/t at
the different sites dﬁring th¢ sampling period. pH variation in the study reach showed a
drop in pH at Site 2 possibly caused by the sewagé éfﬂuent as evident from Figs. 36 and
37. The increased pH levels further downstréam. could be a result of photosynthetic
activity. Generally, an increasing trend can be seen for the solids as shown in Figs. 38 and
39. While the increase at Site 2, which is more for VSS than SS could be attributed to
the sewagé efﬂﬁent discharge, downstream increases in SS and VSS can be significantly due
to the scouring activity at the stream bed considering a near constant stream discharge and
high velocity of flow in the study reach. Nitrogen data collected during 1980 as shown in
" Table 18 for comparison with the preliminary study results indicate én incréase of NO,-N
and a‘decay of NH3 -N below the sewage oﬁ.tfall. This is in geﬁeral agreement with the
plzeliminary"study results where possiblq reasons for these changes have already béen
discussed.

Water quality barameter measurements thus far described were made during specific
times of a day on various occasions. An attempt was ;nade to study the changes during a
day of some selected parameters. The choice of parameters and the frequency of measure-
ments were 'Based on the relevance of such parameters to the objecfives of the study; c;)st
and the ease with which samples can be taken and analyzed. Diurnal vériations shown in
Fig. 40 for SOC indicate that Site 2 variations follow a pattern similar to the sewage

effluent discharge. Significant changes in sewage outfall discharge and SOC at Sité 2 seem
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Table 18. Mean Values for Nitrogen During Steady State Flow Périod, 1980.

Site NOB—N NH3~N
mg/% mg/ 4%

1 0.54 0.40

2 0.57 1.64
3 °0.63 1.14

4 0.71 l..06

5 ~0.76 0.47
6 0.84 ' 0.45

NOTE: Mean values given in this table were calculated using
3 measurements taken during August.

to occur. after .midnight. SOC ‘measurements at Site 1 above the outfall however, do not
show.major changes during the same period. Diurnal 'variations of SOC will be discussed
further in relation to unsteady state modeling under t‘he discussion. Since more infor-
mation on diurnal variation of sewage outfall discharge can be obtained from the records
of the Bozeman Wastewater Treatment Plant at.no cost, an effort was made to stu'dy'the
. variations further in detail over the wholé month of October. This is also shown in Fig. 40.
The objective of this additional analysis to check whether the pattefn shown for a particu-
lar day reﬂected the variation over a longer period during the steady ;tate flow period
§tt}died. The pattern shown in Fig. 40 for sewage_effluer}t discharge and further exami-
nati_on of the flow charts for_ the steady state flow period indi‘cat.ed very similar pattern.

This shows a good similarity between the diurnal variations obtained over selected days in
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: this' study anc_l diurnal variation_s of sewage outfall dischacge over longer periods during the
stﬁdy period. The diurnal vafiationc ‘of DO shown in Fig. 41 scem to indicate at least 8
mg/1 in the nights with a range of 8 to 12 mg/l cvelr a day. Supersaturated levcls of DO and
h1gher pH shown in Flg 41 during the afternoon may be due to the photosynthetlc activ-

ity of the m1crob1al commumty in the river.

Biofilm data. Electron microscopy: Several magnifications of the electron micro-
graphs obtained at Sites 1, 2 and 3 are shown in Figs. 42 to 4_5 . The higher magnification at
Sitc 1 as shown in Fig. 42(b) indicates striationc of the cells characteristic of diatoms;

The low mégnification ﬁicture at Site 2 shows the attached ‘algalcomm'unity as -
evident from Fig. 44 while the higher magnifications show the attachment of bacterial rods
and the general structure of the bLiofilm as seen in Fig. 43. The critical point drying pro-
cedure does not permit the polysaccharide mafrix surrounding the microbes to be seen.
This material might have shrunk in the course of the drying process and may appear cs
fibers in the micrographs shown. Electron micrographs at Site 3 support the int'elresting.
phencmenon that algal surfaces provide suitable surfaces for subsequent bacterial colo-
nization. ng. 45(a) shows the attachment of bacterial rods to ‘a diatom which when K
magnifieyd appear .as given in Fig. 45(b). These electron micrographs are.usef.u'l in under-
standing the general structure of the biofilms\and the attach;nent of the organisms.

Biofilm chara'cteristicsi. The variation of biomass measured as asfl free weight (AFW) .
with time given in Figs. 46 and 47 for 1980 and 1981 clearly demonstrate the different'

phases of a growth curve. The accumulation of biomass is slow up to about 20 days after

* which it drastically increases possibly corresponding to a logarithmic growth. This _is» also
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(a) (b)

Fig. 42. (a) Algal Community at Site 1; (b) Magnified View of Diatoms.

SITE 2 X 10,000 coad lm STTE- 20 X205 000 sty T SLin
(a) (b)

Fig. 43. (a) Attachment of Bacterial Rods at Site 2; (b) Magnified View of the Rods.
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SITE 2 X 1000  1+—210 Hm

Fig. 44. Algal Community at Site 2.

SITE 3 X 5,000 w1 um SITE 3 X 20,000 ,1 um

(a) (b)

Fig. 45. (a) Attachment of Bacterial Rods to Diatoms at Site 3. (b) Magnified View of an
Attached Rod to a Diatom.
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evident from Tables 19 and 20 given subsequently for biomass prodoctivity. The plateau
phase of the curves shoven in Figs. 46 and 47 exhibif an oscﬂlatory behavior possibly
cau_sed by scour and growth. The mean film thickness curves io Figs. 48 and 49 show lower -
amplitude for the oscillations but all four c'urves' shown in Figs. 46 to 49 establish the
beginning of a plateau phase after 30 to 35 days of exposure. Fig. 48 also shows the simi-
larity of the plateau phese of ﬁhﬁs grown on plexiglass plates closer to Site 2 and the glase
slide growths at Site 2. Initially, however, the thickness development had been slower on
the plexiglass plate. It must be pointed out that for purposes of ‘thickness measurements,‘
glass slides were glued to the plexiglass plate so that they could be. removed easily ehd
viewed onder the microscope.

Biomass and thickness measurements during the plateau phase can be used to deter-
mine the steady state values 'corresponding to steady state conditions as given in Tables 19 .
and 20. A period of 30 to 62 days was used for this purpose-to be coneisi:ent in determin-
ing the steady state values for 1980 and 1981. These measurements were based on two dif-
ferent sets of slides pla.lced‘ at-different times during the steady state flow period. Vandal
ism affeeted biofilm etudies at Sites 2 and 5 for the first set aﬁo only Site 1 during the
second set during 1980. The bricks with slides therefore had to be moved for the first set
in 1980 and hydraulic conditions were not monitored to assure similarity at all sites. The
first set therefore is oot included in the analysis for 1980. For the second set during 1980,
. vandalism affected Site 1 resu]ts and may be the possible cause for a lower equﬂlbrlum bio-
mass and bloden31ty compared to those of 1981 as shown in Tables 19 and 20. Vandals
broke many glass shdes or turned the bricks ups1de down Vandahsm however, did not

affect the biofilm studles of 1981. Data on biomass product1v1ty are also given in Tables




n

ESS,

»
N

BIOFILM THICEK

400

300

200

100

RSe. B
iy ST TR

i Sy
- SITE

e ST

b wN -

SITE 6
PLEXIGLASS PLATE
GROWTH

I ] | I | 1 1

10 20 30 40 50 60 70
DAYS OF EXPOSURE

Fig. 48. Plot of Mean Biofilm Thickness at Various Sites vs. Time, 1980.

84|




500
e BETE )
SRS o
— STTE 3
et liS T oy ol
400}~ —e— SITE 5
—=— SITE 6
=
=
?; 300
% o
5 2000
=
o
H
100
%
o
P
0 // L | | | 1 I
0 10 20 30 40 50 60

DAYS OF EXPOSURE

Fig. 49. Plot of Mean Biofilm Thickness at Various Sites vs. Time, 1981.

44!




Table 19 Steady State Biofilm Thlckness and Biomass, Biomass Productivity and B1odens1ty at Vanous Sltes

1980.
_ .+ Rate of Elgmass‘Productlon - l +S£ea&y Stété Values | EiSers§t§
" Site . g/m -day : } BlOm%fS ‘ S.D, Thickness S.D. kg/m
o 0-10 days - 10-30 dggs o g/m - . g/m Hm ™ ym »
1 'f  0.06. . 0.98 o N 16;2i_‘, 4092 344n- o3 47.12
2 ”" 0.10 1.74 28.02 8.81 '444 A” 59 .és;i;'
s 0.18 0 1.32 - 21.75 7.55 357 31 | 60.92
4 ~0.14 1.0 24.03 o 3.12 323 13 74.30 _
s . 0.11 o '.11;35 j>.  _ 25.00 - _'§ﬁ3a 304 24.. | 82.23 &
6 o .o.és,‘ o 0.84 : 20.18 = 3.77 . 267 - 52 . 75.58

fSteady State values are determlned by averaging the film thickness and blomaSS T .
measurements made durlng the peried of 30 to 62 days of exposure. '




~ Table 20. Steady State Biofilm Thxckness and B1omass, Biomass Productivity and. B10dens1ty at Various Sltes
. -1981.

Tsteady State.

Values .

. Rate of Blgmass Productlon val Blodenglty
Site Blo@gss S. % Th;ckness'S.D Kg/m
0 - 20 days 20 - 35 days g/m” g/m Um ©Um

1 0.38 1.12 ~23.57 2.19 266" 13  88.6

:2' _' Co.28 1.57 28.29 . 2.66 432 21 - 65.5

3 0.47 0.77 24.42 3.40 342: 12 71.4

a 0.38 0.89 22.67 2.90 . 265 .10  85.5

5 . 0.28 0.97 ‘26.81 2.64' _239 ;3 .87.0

6 - .0.45 18.80 1.30. 1215

87.4

,TSteady State. values are determined by averaging the film thlckness

measurements made during the perlod of 35 to 60 days -of exposure.

and biomass |

14248
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19 and 20 along with the biodensities d_etermined using equilibrium biomass and thick-
nesses. The increése in biodensities can beiseen with increésing distance from the sewage.
outfall. The mean and standard error for the biodensities in tﬁe’ study reach r:equired for
' subsequent modeﬁng éfforts are tabulated for the years 1980 and 1981 in Table 21.' '

-Autoi:rophic Index (AI)‘: M.easuremen'ts qf Chlorophyll a (Chl. a) and ashfree weight '
(AFW) weré used_in detexmininé the Autotrophic Index (AI) values calculated according to
Weber (136) and are given in Tables 22 and 23.fdr slide and cobble growths. " -

. - Biomass as AFW o
Autotrophic Index (Al) = i 42)

Figures 50 and 51 clearly' show highly hetero'trop'hic ﬁlm§ below the sewage oﬁtfall for
.both the slide and cobble growths. Al values for the biofilms app;aar to be at almost the-
same level at Sites 1,4, 5, and 6. | '

An effort was made to compare the biomass'acéumulation and compo§it-ionail vari-
ation for cobbles and glass slides at Site 2 durmg 1980. A clean cobble was mﬁomtored for
this purpose after placmg it on the river bed close to the bncks with slides. The plots
shown in Fig. 52 show films becommg highly heterotrophic during the plateau phase of
their grow;vth even 'th_ough they appear to b_e more aﬁtotrophic at the beginning. This may
suggest -mofe; algél cells colonizing and providing a favdrable surface thus promoting

.su.bstantial Heterotrophic .- accumulation. More data will be ncéssary to s1'1bst-antiate this
observation. |

ATP ﬁeasurmeﬁts: Duﬁﬁg 1981 , ;ATP measurements were made as they provide esti-
mates of .biomass without a bias from inorg'énié sediments or organic detﬂtué. With the . '

available reagents for ATP, 3 sets of measurements on cobble and glass slide growths were
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Table 2'1'. Mean Biodqhsity B‘elow’ Sewaée Outfall.

' Year . TMean Blogen51ty _ s.E3
‘ . Kg/m’ , : - Kg/m” . .

. 1980- ' - 71.23 S '4.01

1981 o 79.36 - 4.56

t Mean biodensity for the study reach below the sewage outfall.’
is determined by averaging biodensities between Sites 2 &nd 6.

Table 22. Détermination of Autotrophic Index (AI) for Cobble Growths, 1980.

" Site Chl.a(ﬁg/mz) 1 Biomass (g)m2 Ai- - Mean AI
Set 1 Set.2 - Set 1 _Set 2 .Set 1 Set 2
1 297 450 38.65; 48.86 130 © 109, 120
2 306 419 " o2.48 99.36 302 238 a0
3 293 394 95.75 86.74 l327 220 274
4. 319 455 38.18  49.29 120 08 114,”
5 . “.402 - 293 'a' ‘ 46.65‘_ 46.77 ' 116 159 138
6 ‘_.138,f '356“_ : '19.83 44.55 140 125 135

.NOTE : Samples for Set .1l were cqllected on August 5 1980 and Set 2 on
August 18, 1980. :




Table 23. Determination of Autotrophic Index (AI) for Slide Growths, 1980 and 1981.°

Days .of

. ) . - ." ) D - .
~ Site Exposure Chl.a(mg/mz) Biomass(g/m ) AY . Mean AI
' 1980 1981 ./1980 1981 1980 1981 1980 1981 1980 1981 1980 1981
1 - 50, 60 1 1  116.4- 118  14.44 19.47 124 - 166
- 71 .55 "2 2 125.0 204 12.73 24.13 102 119 .
- 60 - 2 - - 182" -+« 19.55 - 107°  113. 130
2 . 50 60 1 1 93.6 116 . 32.61 29.50 - 348 255
71 55 2 2 96.4 108 - 30.49 32.20 316 298 .
- 60 - 2 - 99 . - 24.14 - 243 332 265
3 50 60 1 1 48.5 114 13.78 22.97 284 203
71 557 2. 2 73.7 140 17.47 28.88 237 . 207
- 60 - 2 - ‘110 - - 21.29 - 194 261 201
4 ‘50 60 . 1 1. 8lL.4 137  11.25 18.70 188 - 138
- 71 55 2 2 120.0 211 15.98 23.17 133 110 e
- 60 - 2 - 142 - 22.88 - 161 135 136
5 50 60 11 186.0 . 254 18.60 "17.62 ~ 100 69
' 71 55 C2 .2 - 193.0 340 17.14 19.43 .89 57
= 60. - 2 - - 7317 - 23.62 - 74 .94 66
6. 50 60 .. I 1 234.0 199 12,91 18,50 55 93
71 55 2 2°  240.0 265  28.43 18.67 ~ 118 70 - ,
- 60 - - 2 C - 228 - - - 15.51 - 68 86

77
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Fig. 50. Compositional Variation of Biomass Below the Sewage Outfall, 1980.
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made. Table: 24 gives a companson of ATP to AFW on the same samples after convertmg

both to an areal umt ATP b1omass estimates appear to be much smaller compared to the N

AFW estlmates. Usmg appropnate conversron factors, both~ ATP and AFW can be con-

: verted to a common unit such as orgamc carbon in estabhshmg a v1ab1hty index as shown -

under the dlscussron

.Table 24, Companson of ATP and Ash-free Welght (AFW) for Cobble and Slide Growths

1981.
Type of Substrate = Site - ATP, = AFY ATP/AF@
mg/m g/m % 10
1. . Cobbles 1 15.2 -  51.5 0.30
2 . 27.5 74.5 . 0.37
3 20.5 ° .60.0 .0.34
4 18,2 60.8 ..0.30
L5 16.2 " 48.2 ‘ 0.34
6 13.9 - 44.6 ©0.31
2. Cobbles 1 14.3 - 61.0 0.23
- 2 16.6 - 63.2 0.26
3 12.7 , 49.2 0.26
4 16.0 © - 52.9 0.30
5. 15.4 . 56.4 ~ 0.27
6 15.0 .. 51.6 0.29
3. Glass Slides = I 2.4 ' 26.6 0.09
' - 2 9.6 32.8. - . 0.29
3 5.4 30.0 © 0.18
7 8.2 - 28.5 0.28
5 4.4 28.6 0:.15 -
6 6.6

24.2 - 0.27

Model Verification

The models proposed earller w1ll be verlﬁed in thlS SeCthI‘l The sxmultaneous solu-

tlons of Eqs 19, 20 and 21 glven under theoretlcal consxderatrons were solved assummg
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_ ét@ady state conditions and 'program'med using numerical methods. Tﬁe computer program

is annexed in fhe Appendix. Program ‘DECAY 2’ describes steady state variations below
. the sewage outfall for the substrate meaéured' as SQC, 'suspended‘ biomass as VSS and
Biofﬁm thickness. For the substrate 'prog'ram,.‘DECAY 4’ was wrif_ten to provide diurnal
\}axl'_iations cc;rrespond_ir'\g to the changés in the point source of pollution contributed by the
,sewagé outfall and is alsb annexea in the Apﬁendix. quever,' only the steady stat;a fnodels
w1ll be presented here and's.téady vs unsteady stéte models will .be' discussed subsequently
under the Discussion.

The éxtensive data collec;tion done. over 1980 and. 1981 and presented in thé results
section are used in_ validating the steady s;tate models. The predicted and the me-:asu'r,e‘d
values for the three model parameters S, X and Th are shown in Figs. 53 and 54. The
parameters given in Table 25 were required as input to the mathe_matical models for
solution of Egs. 5,6 and 7. |

Methods to estimate the longitudinal dispersion coefﬁci'enf Dj -have been given under
the literature review. Some of' fhe hethods used for estimating Dy values and their results
" are given in Table é6.1 . . ..

| In the forrr;ul'as given 'in Table 26, f=an .e.mpiri'czil coefficient varying frém 50 in the
streams ;)vith a uniform vélc;city distribution to 700 in wide estuaries with very large lateral
variations in velocity, assumed 100 in this study; Ry = hydraulic radius, U, = shear veloc-
it&, n= Man_niriés-Coefﬁcient = 0.04 from Chow (iO) for a mountain stream with gravel,
cobble and few boul&ers; Se = slope of energy gradient; W = channel width, Q = stream
flow, H = mean flow depth, 8 = dimensionlgss dispersion coefficient and U = ﬁéan flow

vélocity. Elder (35) givgs the lowest estimates for‘DL and the largest values were obtained




Lz

/,SEWAGE OUTFALL L‘ EJ

10.0[— B e a IZJ-D
e | MEASURFD SUSPEND
PREDICTED SUSPENDED BIOMASS AS VSS

i BIOMASS AS \,ss
8.0 : ¢ MEAN & STD. DEVIATION FOR FIVE DATA
» POINTS

PREDICTED SOC

PREDICTED AVERAGE BIOFILM

SOLUBLE ORGANIC CARRZON (SOC) OR VSS, MG/L

Wl “SSANMOIHL WIIJOIS HAOVIIAY

THICKNESS = e
e T
2.0— R e e Kkl W —]400
* $ o —. — 3 b
MEASURED AVERAGE : = SR 60
BIOFILM THICKNESS =
0. | 1 | l | |
-2.0 0.0 2.0 4.0 6.0 8.0 10.0 12.0 . KM
1 1 1 l | ] 1 i L]
0.0 S A W T 5.0 B0 i ah MILES
DISTANCE

Fig. 53. Measured and Predicted Distributions for Organic Carbon, Suspended Biomass and Biofilm Thickness
Below Sewage Outfall, 1980.

€51




(S0C) OR VSS, MG/L

SOLUBLE ORGANIC CARBON

Fig. 54.

12,0 E=
N
SEWAGE OUTFALL D, .
10.0 : R e e e
Bl 0 g S, = = -
M 1L SR
o Né‘ MEASURED SUSPENDED
w| PreDICTED suspENDE RIOMACS e G
b= iy BIOMASS AS VSS
8.0 [
{MEAN & STD. DEVIATION
FOR 8 DATA POINTS E
¢ PREDICTED SOLUBLE
= MEASURED —* S g
: RGANI 0
g SOLUBLE ORGANI S R Sl 2
CARBON ' -
-~
)
T =
- (o]
4.0 E
PREDICTED AVERAGE | {600 3
BIOFILM THICKNESS o
I —— —. @)
5 OE= ek e R e e e = -] 400 g
i o T e t
MEASURED AVERAGE — ™= _. _ . @
; R Ty + 200 »
BIOFILM THICKNESS — .
0.0 =ik | | l 1 1 0.0 E
250 0.0 2.0 2.0 6.0 8.0 10.0 T2.0 KM
<. i 1 1 1 i L 1 1 1]
0.0 1.0 2.0 3:0  4:0 - 5.0, .60 . 7.0 MILES
DISTANCE

Measured and Predicted Distributions for Organic Carbon, Suspended Biomass and Biofilm Thickness
Below Sewage Outfall, 1981.

14!




155

Table 25. Paramet_ers Re('lﬁired' as Input to the S‘teady State Models. '

ﬁydxfaulic and Biofilm Parameters

Year - D

H

b T

U
2 ' 3 o
m:/h m/h Kg/m - fC
1980 7923 . 2195 0.22  71.23  18.8
1981 - 9502 2415 0.25  79.36 -  19.9
| - ,
Ryzp = 0-0126 S g/m’<h ; 0 = 1.008 |
R, = 1.47 x 1075 2+ 46, o, = 1.47 x 107, B = 2.46
Y, = 0.42

S

‘Table 26.- Methods for Estimating Longitudinal Dispersion Coefficient.

 Method ' Formula D, (m?/h)
' ' ' 1980 1981
_Fischer (37)° £RU, $ 7923 9502
Elder (35) 22.6n UHO -833 471 570
. McQuivey & Keefer ' g g58.9Q .. 6740 7629
‘ (82) S W . ’
. e
o - : 2 . -
Liu (69) B 2 3 17,621 12,209
- D URy : R
(L )1 >
= 0.018 —
B .018

............
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b.y _usihg Liu '(>69). The value of gy, deﬁned by Liu (69) does not depend on-the'size of
stream while the other sirnpler methods by Fischer (37) and Elder (35) use coefficients
depending on stream sizes. Liu’s (69) Ihethod_ may thus he considere_(‘l‘ more refined t'han.
the other simpler. methods. In this study'howev'er, lntermediate valhes given by Fischer
(37) were used for modelihg and the impact of using a range of Dy, values on the subslrate
decay were tested subsequently by a sensiﬁvity an’alysis. Variations of . several other param-
eters in affecting substrate decay were also studied under sensitivity'analysis. |
The plots on Figs. 53 ahd 54 show good ag'reemeht of the predicted and measured -
values The higher film thicknesses predlcted below the sewage outfall may be due to the
usage of a smaller constant biodensity even though increased biodensities are seen w1th
dlstance from the outfall. Besides there may be greater scour in the river causmg smaller
. measured film thicknesses. The model predictions for the SOC using mean hydraulic and |
biofilm parameters are generallyhigher than the measured values in the river. Suspehded
biomass 'predictions are closer to the measured values. It is easy to recognize that,‘ in terms
of measurements the river biofilm . thickness is the most difficult parameter in the vali-
datioh of the models because of the necessity to use artificial substrates such as glass slides

to monitor the growth.

Sensitivity analysis. The objeetive of this. section is to analyze which pararheter er

parameters are very sensitive in the substrate decay models. The variation and sensitlvity of
hydraulic and biofilm parameters are shown in Figs. 55 to 58 for 1980 and 1981.
Hydraullc parameters: A large range of varlatlon to accommodate all the dlfferent

methods given earlier was used for the long1tud1nal dispersion coeff1c1ent Dy and was
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found to have a negligible vaﬁation as shown in Figs. 55 and 57 for 1980 and 1981. This is
not sﬁrprising since a small river has very little longitudinal dispersion caused by the
smaller lateral velocity variations as compared fo an eétuary or a very large river. Larger
flow velocities and depths decieased the substrate decay. These larger variations v.vere
irhposed on the substrate model tc; study their impact on the soluble organic carbon in the
_river. Larger flow velocities, by re&ucing the flow time in the stﬁdy reach wouid decrease -
. the substrzit_e deca&while biofilms have a larger effect on smaller flow depfhs' in the reduc- .
%:ion of -SOé. However, using the mean values for thg hydraulic parameters, good égreement
can genérally be found. ‘

Biofilm parameters: In this section, mean values of hydraulic parameters are used and
the biofilm parameters varied. The plots on Figs. 56 and 58 show the sensitivity of the
parameters. The value of kg in Ry = kg ‘S was varied within the 95% confidence inter-
vals obtained. Valuéé bétween the upper limit of kF = 0.0164 m/h and the mean kg =
0.0126 m/h appear to best fit the measured values for botﬁ 1980 and 1981. The variations
inY A in the established range of 0.38 to 0.46 has very little impact on fhe predicted

substrate decay.




DISCUSSION

In the previous chapter, the results obtained over the three summers of 1979, 1980
and 1981 have been analyzed and their significance discussed. This chapter wiil deal with a
discussion of topics that are relafed to this study and were not covered in the previous

'chapter. '

Diffusional Limitations .

The importance of diffusional limitations of ‘the electron donor and acceptor cannot

'be overemphasized. The general substrate dfffusional limitations can cause endogenous
decay of the biomas and that of oxygen would result in product formatipn. Substrate and

oxygen diffuse into the biofilm until the thickness becomes large enough to impede their

passage to the bottom layer. The film becomes stratified when there is e.nough ox‘ygen in

one layer causing an aerobic portio_n while the oxygen deficient layer become§ anaerobic.

Substrate or the food may still diffuse to the basal layer even when there is restriction of

oxygen. Even if the substrate diffusion is limited, there may be eno.ugh nutrients :that wen;,

"adsorbed and not utilized before the formation of limiting thicknesses -(81,1-08). The
niethods of determining oxygen lﬁnitations and their consequences oﬂ the system studied

hare already been; deal..t with under the review of litgzrature. Unless oxygen proﬁleé using a

micro probe are studied in a slime layer, it is difficult, if not impossible to make any

conclusive statement aboﬁt oxygen limitations. However, a:n effort will be made to check

the lirﬁitations using some theorgtical developments and available parameters iﬁ the litera-

ture. Williamson and McCarty (146) used the following equation,
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DCd Va MWa

Spp < —2 g . 42
0% Dgyvg MWy "OC -

to predict whether DO is _ﬂux limiting in heterotrophic biofilms. The symbols in this

equation have already been defined under the review of literature. Since thé exact stoichi-

ometry in a mixed river biofilm is not known, a simple reaction may be assumed as fol-
lows:

C+0, » CO, ' o (43)

Th1s would yleld "d =, = 1 MWd =12, MW, = 32 where the electron donor iscar- .
bon and the electron acceptor is oxygen. Assumptlons on the values for Dcd and D have |
to be made_ and can_'be based on available values in the literature. Bungay A7 determmed '
DO2 = 0.035 cmf /day fer heterotrophic biofilms. Williamson anei M'cCarty..(146,l4-7)

reported DO2 values in the range of 1.9 to 2.6 cm? /day. The value of DO2 suggested by

Bungay (17) appears to be very small cempared to other reported values. Williamson and

McCarty (146,147) also assumed D q = 0.5 cm?/day for carbonaceous waste diffusion . '

eoefficient which is vei'y close to the value suggested for glucose (Dcd'= 0.6 cm? /day)

using DO = (0.035 to 2 cm’/day, od = 0.5 cm *[day,vq =v, =1, MWd— 12, MW, —32'

and Eq. (2),
If Do, -0035,soa/sod < 38,
DO2 =20, /Sod < 0.67 for oxygen limitations. |
This means the ‘b'ulk liquid concentration ratio of oxygen:eerbonaceous waste must

be less- than or equal to 38 or 0.67 depending on whether DO2 = 0.035 cm?/d or 2.0

cm?/d.
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Based on the bulk li_quid DO values obtained in the river and assuming Sg 4 = IO mg/l,

maximum allowable carbonaceous waste concentration without inducing oxygen flux
limitatioﬁs wduld bé 0.26 mg/1 dr_ 14.93 mg/1 depeﬁding on 'the-.val'ue of D . The use of a
much smaller value repbr;ed by Buhgay (17) for Do2 would produce oxygen limitatic;ns at
very small carbonaceous waste‘ f:doncentrations whereas use of higher values for DO2
woqld accommodate ﬁigher wéste concentrétions without introducing oxygen limitations.
It may be noted that the SOC 'in the river never éxceeded 12 mg/1. It should aléo bé .recdg-
nized that the above analysis was simplified to study.j a complex heterotrophié m‘icrobiai
film and a mixed undefined substrate and therefore the analysis is not in tile least con-
- clusive. The analysis however, does show the pro‘plems i.n. such ar;alyzels becauge of the
unknowﬁ stoichiometry of the reaction and the lack of reliable diffﬁéional coeffi.cfgnts for
tﬁé particular system studied. |
It is difficult if not impossible under tﬁese circurﬁétances to c'onfirm'the non-.exi.s- :
tence of oxygen limitations in the film. However, in viéw of the supersaturated levels of
DO above aﬂd below the outfall ni,ost of the day, an‘ahnoét constant yield coefficient fqr
biomass at steady stgte ;md' the 'existenée of green pigments observed in the basal layers, it
is reasonable to assume that major oxygen limitations were absent in the fﬂms‘ studie(‘it The

results were analyzed on the ‘b_’asis of no oxygen limitations.

Steady and Unsteady State Models -

. Steady state conditions were assumed for the proposed models in predicting the three
main parameters S, X arid Th -for purpose§ of Valid_atidn of mod_els. Unsteady state models

for purposes of verification would require extensive data collection at all fhe sites with -
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data for diurnal variations on several days. Besides, steady state assnmptions reduce corn-
plexity of the mathematical treatment. An unsteady state modelling exercise for tbe ‘sub-
strate will be described in this .section. Eq (19) given under the theoretical considerations_
was programmed and solved using numerical methods. The computer program ‘DECAY 4
~ is annexed in the Appendix. ‘
2S s _as Rp '
st Loz Yz yw o . 1
.The diurnal variatton curve at Site 2 shown m .Fig._ 40 for Sept. 26, 1980 was used in order .

to formulate an input function. Using the subroutine available in the TI programtnabl‘e.

58/59 caiculator, a Fourier function was det'eloped as follows:
S =826 - 148Cos(2 —9—) ' < (44).

This was used as the input function varying diurnatly at Site 2. The results of this ekereise |
are plotted as'shown in Fig. 59. The plots in th 59 show diurnal variations at two sites
further downstream of Slte 2 given the vanatlon below the outfall. The further the site
' from the outfa]l the- var1atlons over a day become m1n1ma1 The max1mum variations 1n4 '
"-SOC corresponding to the dlurnal vanatlon, in the sewage’ ontfall d1scharge occur at Site 2.
In the unsteady' state rnodel‘ the diurnal variation of SOC at Site 2 is taken into account'
assummg constant hydrauhc conditions. It can also be seen from thlS exercise that exten— '
s1ve data collection is needed to verify the unsteady state model. Th1s is beyond the |
available resources for this study. Sampling for organic carbon and solids were done during.
. steady state flow cond_itions. Equilibrium film | thicknesses and biomass'were obtained

during the plateau phase of the growth. As have been shown, the diurnal.vari'ations in
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Fig. 59. Unsteady State Model Results Using Program ‘DECAY 4’. (a) Diurnal Variation of
SOC at Site 2, (b) Diurnal Variation of SOC at 4 Km Below Site 2, (¢) Diurnal
Variation of SOC at 10 Km Below Site 2.
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séwage outfall discharge app'éar to have caused major variations in SOC at Site 2 with only
smaller Qaﬁations furthe'r.'downstream from the outfall. The largest variation in SOC
api)ears to occﬁr at-Site 2 during a ‘day between 4 AM. and 10 AM. Samples were col-
llected during the day time génerally between '1‘0 A.M.' and 4 P.M. The flow time betwéen
Sites 2 to 6 is about 5. hours during which time the variation at Site 2 for SOC is smaller .
compared to the t;)tal removal in the s.ame stretch ciuring the sampling périod on a day. -
Cdnsidéring all tﬁese factors, it is juéﬁfiable to ﬁse'steady state assumptions in the pr<.>'-'
posed models to study and validate the modeis for thé critica1 period of a day when the

organic carbon concentrations are the highest.

Kinetic Expressions

In this study, the kinetics of substrate 'uptaké was determined to bé a first ofdér "
reaction rate. However, the use of safuration kinetic expreséions iﬁ describing such.a
reactioﬁ rate is possible with appropriate values for the coefficients since under ‘certai'n
conditions saturation kinetic formulations can be shown to degenerate to first and zeroth
order. This depends on the ratio of the concentration of the water quality parameter
- studied to the corresponding ﬁalf-saturation constant. An attempt was made to determine

what rangé of valueé would be obtained for the parameters'by solving Atkinson’s (4)
biofilm model described under the review of the literature. This model uses an effective-‘
ness factor A and accounts for solid phaée diffusional limitations. The problem of using.this
_model lies mainly in the number of parameters required, which are mostly unknown. The
Egs. (6) to (11) giv.el-l earlier are used for this dis;:ussion. Even a_ssumptions of values for

effective diffusion éoefﬁcient within the microB_ial mass, D, or half-saturation constant, K¢ |
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are difficult for a naifﬁral system for an undefined substrate. The range of K values for
example can be 5 to 500 mg/l. In order to see whgt range of values are possibie for the haif
satt'lration constant Ks and the maximum substrgte consumption rate per unit volume..of'
film, ‘@a’, a curve fittiﬂg procedure' was used to détennine values of the rate of 'substrate
consﬁmption per unit ihte_:rfacial area (N) using the assumed fange of values for D,
épd Ky and cor‘nbared to the values of N obtained in this study. The fd_llowing values were
assumed for 'this'exercise: , | |
«a = 800 to 4000 g/m.3 -h; Kg =5 to 500 mg'/l;' D, =2.5X 107 m?/h (glucose); Th =
444 pm, S =5 to 15 mg/l. C
The Egs. 6 to 11 were. programmed on a TI programmable 59 calculator and the KS values
were varied for a particular value of ‘@a’ and the \.lalues of N wefé calculéted. From this
exercise, a range of 5-to 10 mg/1 for K aqd ‘aﬁ’ - 1500 to 2000 g-m3-h were obtéined that
would give values of N closé to the values obtained in this stu‘dy‘. This is héwevei', merely
an exercise in determining possi‘ble values for K. The value <.;)f the half-saturation constant
KS is_ a result of two principal activities, one 'being the trénsfer of substratg from the bulk
solu'tic;)n to thé biomass and fhe other bei;l'g the substratp utilization by bidchemicai
reactions' of the biomass. Very high valués for KS would .suggest substrate difquionél .
limi_tatiqns. This_ model has its limitations in the application to biofilms containing filamen-
. tous organisms because of its assumption that ciiscre_te viable organisms are dispersed in the
slime. However, this model was éh_osen_ fb'r this cxercise; b'eqause it inco¥porates sub-
strate diffusional resistance. In the éontg);t of this discussion, the séecific bioﬁass pro-

duction rate curve given in Fig. 31 can be compared with a simple monod function given as
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BmS .
re KS+S . “45)
when
S < Kgu = '(%_)s'
or
un=KS where K = 1K = constant (46)

In the range of concentrations of substrate very much less than the values of the
half-saturation constant, the reaction rate will be first order according to Eq. (46). This,
however, may imply higher values for the half-saturation constant and therefore possible

substrate diffusional Hxhitations.

_ Characterization of Mixed River Biofilms

River biofilms are a cc:>mplex community of algae, bacteria, protozoa and other micro
‘and macro orgapisms. They are involved in seve_:rai functional processes including nutrient
cy.zcling and primary productivity. Iﬁvestigators generally consider or choose' to ana‘lyze one
'groub of orgaﬁisms within a community because it is impoésib]e to characterize all the
species. However, it is their complexity in composition that helps in survival and persis-
tence under dift;erent stressed situations in aquatic sysfems. In this study the emphasis was
on the overall soluble organic carboﬁ removal by the biofilms and their productivity. Since '
river water has se\(eral organic compounds and cannot be defined easily, SOC was used as
the substrate for the bipfilms with the availability of other nutrient}s. Non~taxonomfc

structural analyses such as gravimetric and pigment analyses were used in estimating
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. biomass production and partitioning of the -'major groups of organisms. Conventionally
biomass values have been eicpressed as organic matter, organic carbon or caloric values. In
| this study ashfree welght (AFW) g1v1ng the orgamc matter was used in estimating bio-
mass because it has been used as a standard technique, requires minimal equ1pment and
costs are low. AFW estimates organic content of all biological and other organic compo-
nents of .the biofilm witliout distinguishing between viable and non-viable components of
the samples. Acetone extracts of biofilm samp‘leslhave been conventionally used in calcu-
lating Chlorophyll values which can be converted to estimate algal biomass. It must be
recognized however, that Chlorophyll is a very dynamic cellular constituent and affected

by factors such as algal cell’s age, physiological conditions and nutrient deficiencies. Rapid

- ATP degradation after cellular death makes ATP specific for living érganisms. .Besides ATP

' prov1des estimates of Viable cell mass. Orgamc carbon biomass estimates can also be ob- -

tained from ATP measurements using appropriate conversion factors even though ATP-to-

cell-carbon ratios may vary with nutrient conditions and among the dlfferent taxonomic

divisions. Using all‘ tllese measurements and recognizing the biomass associated with
each method, biofilm samples could be partitioned into autotrophicfheterotrophic and
living-nonliuing organic matter. This vi/ill be useful _in.the general characterization of river
biofilms. | | |

Ash—free dry weight, Chlorophyll a and ATP values can.be related to the organic
carbon' content thus providing Ia basis for comparison ot".biomass. A study was carried out
in 1981 measuring' ATP and lAFW on the same l)iofilm samples grown on cobbles'and glass
slides. .These measurements converted to an areal basis are given in'Table 27 Clark (21)

defined Viability Index as follows:

S




171

Table 27. ‘Organic Carbon Estimates and Viability; Index. -

Type of - ATP-derived AFW-derived Viability Index

Substrate Site Organic2Carbon Organic2Carbon (VI)
g/m g/m
1. Cobbles 1 3.8 -25.8 0.15
2 6.9 37.3 0.18
3 5.1 30.0 0.17
4 4.6 30.4 -0.15
5 4.1 24.1 . 0.17
6 3.5 22.3 0.16
2. Cobbles 1 . 3.6, 30.5 - 0.12
' ' 2 4.2 31.6 0.13 -
3 3.2 24.6 .0.13 -
4 4.0 26.5 0.15
5 3.9 28.2 0.14
6 3.8 25.8 0.15
3. Glass 1 0.6 13.3 0.05
Slides 2 2.4 16.4 0.15
3 1.4 15.0 : 0.09
4 2.1 14.3 0.15
5 1.1 14.3 0.08
6 1.7

12.1 0.14

ATP - derived organic carbon
AFW - derived organic carbon

- Viability Index (VI) =

@7

It must be noted that organic carbon content of biofilm samples can be measured by direct

chemical analysis. Conversion factors for AFW and CMorophyil a to organic carbon have

been described under the results. ATP has been found to maintain a relatively constant

ratio with cellular carbon (56). The ratio of ug cellular organic carbon/ug ATP has been

. reported to vary from 250 to 276 (21,56). Since the ratio of 250 is commonly used, this

will be used in this analysis. ATP-derived organic.carbon appears to be much smaller than

AFW-derived values and consequently smaller viability Index values are given in Table 27
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: at the different éifeé. Ho%vew)ef, this is basled on tl_l'_e' converéion factors available in. thé_
literature and thi;ée'sets of _tﬁéasuremgnts..Besides, if .ATP.extractioln is n:ot‘c_omplete, it
may pfovide lovs./er biomass estimates as organic carbon. It is“obvious that AFW—‘déﬁved

" organic carbor_l would yiéld higher esti;_natés becaﬁse it includes all componénts of organ-

‘ic‘ matter. Viglbility Index values can be used as a measure of the viability of biomass. ‘
However, if direct mégsufements of organi'c carbon are coupled with the meésurements

" described so far, a reliable procedure for paftitioning a river biofilm on the basis of their

trophﬁc levels and viability can bé done. This would be very helpful in a better character-

ization of a mixed community river biofilm. .

Lirnitations of the Proposed Models

Models hﬁv’e their own limitations. Thé lﬁnitations have to be récognized before they
are abplied to different situations.

) The proposed mode_ls for -predi,cting soluble o_réanic carbon and biomass vériations \

~ -are mathematical models incorporating parametefs and kinetic expressions devel-

oped. empirically from pilot plant studies. It is therefore important to recognize

the vavlid ranges of the parame;ters. Expressions for RB w}s. S, Rp vs.. M and coeffi-

.cie’ﬂté of yield were determined under constanf hydfaulic condit'ions' for a swift

moving, shallow stream with the variation of soluﬁle organic carbon in.the range

of 5 to 17 mg/l and a detention time of one hour. Th‘é e.ffects of variable hyﬁrau—

lic conditions 'on Ry or Rb are not incprporated in the models. Cgution must be
exer'c.is‘ed whén using the xﬂodels oufs‘id(‘é‘ the sﬁeciﬁed ranges. |

‘ (2) Naturally grown river biofilms were used in the pilot plaht study because it was a
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cost-effective method of developing_ such a .ﬁlm in an outdoor channel. Besides it

was developed in the system that would be sdbseqnently modeled. However, the

limitation of this procedure lies in the fact that the exact composition of such a

film is difficult, if not impossible to define. But it can also be seen that parame-

ters developed Ausing ‘a well defined iaboratory film cannot be used to closely
. simulate a natural system either. Studies done with well deﬁned tﬂms have been

discussed under t}re literature review.

(3) Models were formulated for a speeific shallow river system' and tested under
steady state conditions. The performance of the models using unsteady state
conditions or in an alternate but similar system is not known

(4) When there are several point sources of pollution in a study reach, only one point
source at a time can be considered in the model. However, the ‘model can be
extended in a piece-wise fashion.

(5) The pred1ct10n of biofilm depth is a difficult parameter to verify in a river system,
because the measured film depths are based generally on biofilm samples grown
on artificial substrates such as glass slides. Biomass estimates obtained en samples
from artificial and natural substrates in this study indicate higher accumulations
on natural substrates. The limitations of the model in predicting biofilm depth is
its requirement of an estimate for biodensity which has to be available.

>Any model simulating a natural system can bé expected to have several limitations in

its applicatien to other systems. The objective of this investiéation was not to develop a . »
universally applicable model, but to lay dovtln the methodology for reaﬁstically modeling

a speeified river system by generating kinetic data ina pilot plant study and incorporating
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this data into the substrate-bioinass models formulated based on firm theoretical consider-

. ations.

Original Contribution of This Research

The importance of sessile microbial communities in river syétems has been esfablished—
by several investigators as reviewed preﬁously. However, the explicit use of biofilms in
modeling river systems where they dominate organic'degradation has not been attempteci.
This study demonstrates the importance of biofilms in determining the ‘kinetics of solﬁ-
ble organic carbon uptake in the East Gaﬂatin River. The study. also shows that when
or_ganié ppllutiohal. _loads are discharged into a rive;, the variations of organic carbon
concentrétion and the biomass can be realistically modeled using the p,ropose“ci three
paramete; substrate-biomass formulation. The m;)del is based on ﬁ:heoretical conside;atidns
with sd?porting kihétic data".for the biofilms ge’_ner.ated from pilot scale étudies. In the
opinion of the author, a study of this nature has not been completed in the past.

Significance of Some Results in This Study to the
. Bozeman Sewage Treatment Plant Expansion

In thé current expansion of the Bozeman Sewage ’I;re;étment Plaht, additional secon-
~dary treatment facilities are being built and tertiary treatment facilities to rerho;e am-
mon.ia have also been proposed for the near future. In this discussion, tertfary t;eatfnent to
rerﬁove,ammonia will be considered. Very low ammonia'-c:oncentrations in the river afg
expected below the sewage ouitfall after tertiary treatment. It is important to recoghize the

significance of the background concentrations of ammonia which will not be reduced by
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' iﬁtfoducing ferfjary trezitment. Resuits of this study indicate‘ that the low concentrations
of ammonia which will not bg reduced by inf_rbducing tertiary treafment. Results of this
study indicéte fhat the low cpncentrations of ammonia below 0.1 mg/] anticipated after
teljiary. treatment are aifficult, if not impossible to be achieved considerihg the backgfound
ammonia levels in the range of 0.1 to 0.4 mg/l. If the East Gallatin River is receiving
enr_ichment above the o..utfall and has higher background ammonia levels, providing an-
expensive tertiary treatment facility will not permit the achieving of the low level concen-
trations ariticipated below the outfall. Besicies, the high ammonig céncentrations in the
river presently decays rapidly. in a short stretch of the river anci no fish kills have been
observed t;y the Depﬁrtment of Fish and Wildlife below the outfall in the past f.ewl years. In
| fact, personal communication .with a department official indicates an'increase i'n the fish
population with a reduction in fish length. It is therefore questionable whether expensive
.tertiary treatm_ént' woula result in the low ammonia concenfrations anticipa.ted after

completion of the facﬂity.




SUMMARY AND CONCLUSIONS
Summary

The study was directed towards the goal of establishing the. growth and substfate
utilization kinetics‘of hetetogenous natural biofilms in multi-substrate environments. The
objectives of this particular research were designed to determine the substrate (Soluble
" Organic Carbon) uptake.by river biofilms with pilot channel studles and mcorporate the
kinetic expressmns developed into the proposed models. for descnbmg organic carbon
degradation in streams. The entire experimental investigation meludmg a pilot plant scale
experimental study and river data collection was tailored to achieve these objectitzes. In the
following section the results of this study conducted over the sdmmers of 1979; 1980 and- '
1981 will be.sumr-narized

The prehmmary study results obtained durmg 1979 laid down the foundatlon for the
detailed 1nvest1gatlons carried out subsequently. The measurements of several water quahty
and biofilm parameters taken above and downstream of the sewage outfall established that
the river biofilms are the major component of the assimilative capacity ot‘ .the shallow
river system and were responsible for the rapid degradation of organics within 7 tniles
below the sewage outfall. In.the stretch of 7 miles below the'sewage outfall the resolts
exhibited constant stream flow conditions while major variations in spbstrate concen-
tration ahd biofilrh growth occurred. |

Based' oh the conclusions of the preliminary study, the major hypothesis to be tested
.was whether in determmmg the kmetlcs of organic carbon uptake, river biofilms are the

" most s1gmﬁcant mlcroblal commumty in comparison to the suspended biomass. An exper-
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hﬁental pilof'plant scale;, channel study wés éompleted to determine kinetic expressions for
the biofilms. Twenty experimental r.uns including 3 control runs and é run with .t%.1p water
were made. The variations of SOC, VSS, DO, pH, temperature were studied for eaéh run.
Negligible variations in SOC, VSS and DO were shown for the control runs without the
attached vl.)iomass in comparison to the regular runs. The range of influent SdC concen-
trations were varied ffom 5 to 20. mg/l. Thé attached biomass production rate Rﬁ, the
| . detachment rate R and the biofilm yield coefficient Y, were determined for the runs
ﬁnder 'steady state. conditions. A mean biofilm yield coefficient .Y A Was dctermineq in
the range of SOC goncentr;cltions studied. Func.tional relationships 6f YA vs. S or (S ) S)
showed no significa'nc.:e. A comparison of measured Y p vaiues and calculated Y A values
under steady state conditions showed a fairly good égreement even though the measu;ed '
Y A values were g'encrall)i/ larger. iFor this comparison, the m_eésured Y 5 values were cor-
rectéd for autotrophic contribution to érganic accrual using two different methods.

Temperature 'cdnections for RB and RD were determined using a coefficient 6 in Rg
= RB20 OT'2O. The rélati_onship betweenl Rp and S (measured as SOC) eéfablished first
order kinetics yielding Rgyg =k - 8 in which kg = 0.0126 m/h. Biofilm detachment rate
was related to.the biomass (méasured as ash-free dry weight_) providing values for detach-
ment rate coefficients &y and g in the gxpression Rp~= aDMﬁ. The regression statistics for
the refevant pé.ram.eters vs;as also included in the results. Converting Ry .into a specific
Ibiomalss production rate, rs‘(rS = RB/M A) the variétion of I with S appeared to Be linear.
Th‘js-ag'rees 'with‘ the fact .that saturation kin'eﬁc expressiqns reduce to lingar formulations

under certﬁin conditions as explained under discussion. The plot giving the SOC removal
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wifh the SOC-loading rates, RL, showed a large increase in SOC removal in the range of RL
from 0.7 to 1.0 g/m? -ﬁ and stabilization subseqt;ent.ly. -

The river data collection during 1980 and 1981 was done in order to test the useful-
neés df the' kinetic express'ior-ls déveléped in the proposed ﬁodeis under stéady state -
conditions. Based on the preliminary study, the study reach was reduced to 7 miles belowA
the scwagé outfall. _Hsldrauﬁc, water quality and biofilm parameters were measured'at 6
sites, one above and five below the sewage outfall within the study' reach. Mean values of
'hydrau’lfc parameters namely flow velocity and depth based on measurements ;1t the
different sites were compared with the estimated average flo'w velocity aﬁd depth obtained
for the whole study reach as étream flow was almost a constant. The water quality parame-
ter measurements included TOC, SOC, BODy , DO, pH, NH,-N, NO, -N and wafer temper-
aiure._ Organic carbon measurements showéd that during the low flow period, the major
proportion of the.organic .c_arbon in the river.is sqluble. The highes.t bart’iculate organic car- -
bon concentration existed af Site 2 below the Qutfall, of wﬁich a significant reduction
occurs by Sife 3 or 4. ’i‘he BODj, changes oBtained during 1980 follow'ed a decay pattern
similar to that obtained during the breliminary study. The SOC decay patterns in 1980 and
1981 were similar to the BODy Qafa of the years 1979 and 1980. Except for a small drop
"in DO below the‘_ol.ltfall‘, high levels of DO in qt}'l»e rénge of 9 to 12 mg/1 were obtained
during.the sampling periods. Increased sqlid concentrationé measured as SS and VSS were
observed below the outf'a]l due to' increased scouring acfivity. Amfhonia dedayed to.the
background levels within the study reach while nitrgte v_alues increased in SOC during a
day appeared to occur after midnight. Incorporating such variations into the drganic car-

bon model'.were illustrated.
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Electron Micrographs done on biofilms above and below the outfall showed its gei-
eral structure The blofllm characterlstlcs were studied by measuring fllm tluckness, ash
4 free weight, chlorophyll and ATP Ash. free weight was used as a ineasure of biomass The‘
.vanatlon of biomass and thlckness showed that the plateau of growth was reached w1th1n
30 to 35.days of exposure. Steady state equrhbrium ﬁlm thicknessesand biomass were
'determined and”used 1n the determination of ' biodensities Biomass productivity appeared
to correspond to the organlc loadings in the river. Autotrophic Index measurements in.the |
study reach showed highly heterotrophic biofilms below the sewage outfall ATP measure- -
ments done’ on biofilms in 1981 provided lower biomass and .organic carbon estimates -
yielding low Viahility Indices The equations given 'bel'ow asa proposed model were solved |
under steady state conditions and the computer program ‘DECAY 2’-used to predict var1-
ations is annexcd in the Appendix Plots showed good. agreement of the predicted and

measured values.
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A sensitivity analysis of the hydraulic parameters in the decay of organic 'carbon indicated
. neghglble variations for an estimated DL range of 100 to 20 000 m? /h Increased average
‘velocmes and flow depths decreased the substrate decay below the outfall Thc blOfllm.

parameters were varied. within the confldence mtervals for the parametcrs Values of kF
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in the range' of 0.0126 to 0.0164 appear to best fit the measured decay pfofilés while
varjation in Y 5 in the range .of 0.38 to 0.46 did not have a significant impact on the pre-

dicted SOC values.
Conclusions

Thé §0110wing conclusions were drawn (based on the field and pilot plant scale exberi—_
mental stﬁdies. _
1. Suﬁétrate (Soluble Organic Carbon) uptake by the heterotrophic river biofilms fol-
lowed first order kiﬁetics in the specified range of sixl_)strate concentr-ations.
River biofilms und'er_ polluted conditions, in comparison to suspended bioméss,
were the most significant microbial commuhity and dominated the‘d-egradation of
| organic carbon. '
2. Good agreement was found between the predic;ti()ns of the proposed model and the '

measured organic carbon decay and biomass variations below the sewage outfall.

Future Studies—The follpwing are possible_studiés recommended for the future.

'l. Artificiai stream channél studies to determine the effects of hydraulié parameters

| such as flow vélocity, shear velocity, debth and temperature oﬁ substrate removal

- and biofilﬁ characteristics.‘ This would perniit a "c'ompariéon of -fhe substrate

removal capabilities of biofilms between swift shallow sfreams and slugéish deep
rivers.

2. Covntrolled studies of mixed substrafe 'utilization in heterog_eneous microbial com- .

muriities. Studies on the pure and mixed substrate utilization by known propor-
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_tions of algal bacterial mixes will be,h‘elp'ful in understanding the cdmplex micro-

bial communities in thie natural environments.
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APPENDIX A

Experimental Channel Runs Not Included
in the Results
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River Bed Elevations
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" The following bed elevations were esfab;ished by a survey during

- the preliminary study.

site L Elevatlon(ft)
EG 1 .. 4610. 02

EG 2 - 4609.70

EG3 . .  4452.64

EG 4 . . 4341.02
LBG5 ...  4326.75.
EG6. 4246.65

E Deséription:of Site

Brldge on Sprlng Hlll Road

Small bridge on country club
~ golf course ' :

'3Brldge on Alrport Road
Steel bridge on Hamllton Road

Concrete bridge on_Broadway_
abéut'4 miles’frbm Belgrade

Steél brldge on Drycreek School
Road -




APPENDIX C

Computer Programs
DECAY 2—Steady State Dlspersmn Model
DECAY 4— Unsteady State Model
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15:09 MAR 03 82 DECAY2.RCMAA

.

INITIATION®«*DECAY2~STEADYSTATE DISPERSION MODEL
PROGRAM' LIST . :

INPUT DZ,PIsPF,I0

INPUT SO0oX0oUsYsHoTeDEsDL,ALB
BE=2,467,ALD=,0000147

IF (S0.EQ.0.) STOP

o z=0.
8250

X=X0

. RB=(A%S)+B

RBT=RB#*1,098%#(T=20,) ,
TH=(RBT/(ALD*(DE**BE)))**(19/BE)'
visu/oL
A1=(Ar1,098%x(T=20,))/(Y®H=DL)
B1=(B%1,098%a(T7=-20.))/(YeHeDL) .
AMI=(VT1+ (V1224 (4 2AT) )22 ,5)/2,
AM2=(VI-(VI%%22 (4 2AT1) ) ex,5)/2,
F=(S0+(B1/A1))/(1.,-C(AM2/AM1))
S=(F«EXP(AM2%Z))-(B1/A1)
DX=ALD*((DE&«TH)2%«BE)/(U%H)

CALL PRNTF(PIoPFaNFoZnTH;SoX:AMZaDX)
GO TO (13,5),NF

INTEGRATION#w*

CALL INTI(Z,DZ,10)

CALL INT(X,DX)

GO TO 4

END
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15:10 MAR 03 *82 DECAY4.RCMAA

(i DECAY===~NON=-STEADYSTATE USING CHE.ENG.LIB,
DIMENSION S(0:100),DSC0:100),RB(0:100),RBT(D:100)
OUTPUT °ENTER Zsooo'

INPUT Z,DZ,DT-,PIoPFs10
OUTPUT *ENTER SO0socs’

2 INPUT S0+BGoVoYsHoTEMP,ALD»DE,DL
c INITIATION »#
A=0.0126:8=0,0
- T7=20.0
M=2/02

OUTPUT "READING THRU 106°
READ(106,1000) S
1000 FORMAT(25X,FB.4,40X)
OUTPUT °*FINISHED WITH 106°
BOUNDARY CONDITIONSww=
4 T1=1.+7/3. '
© 8(0)=8,26=1,48%C0S(2.%3,14%T1/9,)
S(M)=S(M=19)
DO 11 N=1,M=~1
CRB(N)=(A®S(N))+B
RBT(N)=RB(N) *1, 098« (TEMP=20,)
DS(N)=(DL/DZ%%2, )w(scn+1) 2.%S(N)SS(N=1))
: I~/ (2.%DZ))I*(S(N+1)=S(N=1))=(RBT(N)/(YeH))
11 CONTINUE
: CALL PRNTF(PIoPFoNF,T5S(0)oS(M/5.)05(2%M/5.),
/S(3%M/5,),5(M))
GO TO (7+2).NF
7 CALL INTI(T,DT,10)
DO 9 N=1,M=-1
CALL INT(S(N)-DS(N))
9 _ CONTINUE
GO TO &
END

O
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