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ABSTRACT: 

This work examines the feasibility of continuous 

biological nitrification and denitrification for nitrogen 

removal from municipal wastewater. Pilot plant'studies 

were conducted using a rotating biological contactor (RBC) 

for nitrification and upflow packed columns for denitri ­

fication. Of primary interest were the effects of 

temperature on the systems. 

It was found that an Arrhenius model adequately 

described nitrification rates measured over a range of 

temperatures from 7 0 C to 25 0 c. Direct comparison of the 

Arrhenius Activation Energies determined for the RBC and a 

two stage activated sludge system with intermediate clari ­

fication showed that nitrification in the RBC was less 

temperature sensitive than in the activated sludge process. 

0 	 2 2At 10 C, roughly 20 mg/hr·m (0.10 lb/day•lOOO ft ) of 

ammonia as nitrogen was removed from the system. 
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The rate of denitrification in the packed column 

reactors displayed great variability. The temperature 

dependency of the data could not be characterized by an 

Arrhenius model or any other simple relationship. Although 

significant nitrate removal was observed at all temperatures 

between 5°C and 25°C, severe short circuiting due to solids 

accumulation tended to limit minimum nitrate effluent con­

centrations to 1 or 2 mg N03-N/~. 
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INTRODUCTION 

For almost two· "hundred ·years, 'nitrogen and its 

compounds have been of great interest to scientists in many 

different fields. Only during the past twenty to thirty 

years, however, has man developed a full awareness of the 

effects and behaviour of nitrogenous materials in aquatic 

environments. For the first fifty years of this century, 

the field of pollution and environmental control dealt 

almost exclusively with three goals. These goals were to 

treat municipal sewage by eliminating suspended matter, to 

remove carbonaceous substances which exerted a 5 day bio­

chemical oxygen demand (BOD) and to reduce the nUmbers of 

pathogenic organisms. Then, in the early 1950' a, the. 

enviromnental pressuresc caused- by· massive industria-liza-­

ti-on~ and changes in~ agricultural practices= br· Europe- and 

North America finally caused a maj·C¥" expansion of the 

historical concepts of pollution assessment and abatement. 

Phenomena such as eutrophication, toxicity along with noise, 

air and thermal pollution were recognized as having sig­

nificant environmental impact. Today, there is general 

acknowledgement that nitrogen in many of its different 

forms can be a major pollutant. In fact, roughly fifty 

percent of the states in the u.s. now have established some 

form of nitrogen control standards (Barth and Smith, 1973) • 
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The major problem areas associated with nitrogenous 

compounds include: 

1. 	 high oxygen demand exerted by ammonia present 

in sewage and agricultural drainage, 

2. 	 eutrophication of lakes resulting from nitrogen 

excesses, 

3. 	 NH 3 toxicity to fish, 

4. 	 greatly increased chlorine requirements and 

contact time- due to ammoniac present in normal 

secondary effluents, and 

5~ 	 NO~ toxicity in~drinkinq water. 

Although technically there are many processes 

capable of removing nitrogen from wastewater, biological 

nitrification~denitri£i:cation _isc.. currently pre£erred for 

the:- treatment. of_::_ mun--icipai sewag-e_.. ThiB=- is'- essent±ai.ly 

a:, two~~tep_: process. The= ma-jor_ portion, o£ the=- nitro-gen 

entering treatment plants is in the ammonia form. Although 

urea is present in large quantities in human waste, it 

hydrolizes rapidly to ammonia. Most of the remaining 

nitrogen is contained in organic compounds but these release 

ammonia as a result of their decomposition by heterotrophic 

bacteria which are present in the organic removal stage of 

standard activated sludge plants. In the first stage of 

biological nitrification/denitrification, autotrophic 

bacteria oxidize the ammonia present to nitrate. In the 

-2­

http:ThiB=-is'-essent�ai.ly


second stage, heterotrophic bacteria in the absence of oxygen 

are able to utilize the nitrates present in two ways. In 

assimilatory denitrification, nitrate is reduced to ammonia 

which is then used for cell synthesis. Nitrogen removal 

from the system in this case is accomplished by sludge 

wasting. Dissimilatory denitrification involves the use 

of nitrate by the bacteria as a,hydrogen acceptor during 

the redox reactions associated with cell metabolism. The 

nitrate is reduced to elemental nitrogen which is released 

to the atmosphere as a gas. 

For the nitrification/denitrification process to be 

applicable to cold climates, it must be demonstrated that 

relatively efficient removals of ammonia and nitrate 

nitrogen can be obtained· at operating temperatures approach­

ing 5°C. This research program was designed to evaluate the 

effects of temperature on fixed film nitrification and 

denitrification reactors. 

A rotating biological contactor or RBC was employed 

in parallel with an activated sludge plant for the nitri­

fication study. Essentially, the RBC system consists of 

plastic media, which is about 45% submerged in a trough-like 

tank, rotated on a horizontal shaft. Biological growth 

becomes attached to the plastic media and is alternately 

contacted with air and wastewater as the shaft is slowly 

turned. Raw waste enters at one end of the tank and treated 

waste leaves at the other end. Under suitable conditions, 

populations of both heterotrophic organic carbon consuming 
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bacteria and autotrophic nitrifiers can be established 

within the biomass. 

Eight foot {2.44 m) high and 12_inch (30.5 em) 

diameter upflow packed columns were used for the denitrifi ­

cation study. Two identical columns were constructed each 

of which was packed with a different size of similar plastic 

media. Nitrified secondary effluent was fed to the units 

and this created conditions such that heterotrophic denitri ­

fying bacteria could become established on the surface of 

the packing. These were run in paralle--l w.ith a stj rred tank 

denitrification reactor. 

A. &11mmary o£ the ma,in- objectives o£: this research._ i& 

as follows: 

L. 	 to investigate the effects of temperature on 
the operating· efi-rcienc±e-& or fixed film 
nitrification- and. deni.trif±catiorr systems, 

.2-.-	 to: dire-ctlYc com:Qare the· tem:Q-eratw:e- sensiti ­
vities- of nitrificat±on in. an RBC and nitri ­
ficatiorr i-n- a twa..-s Laye activated: sl.ud-ge_ 
nitrification system with intermediate 
clarification, 

3. 	 to- directl-y compare the temperature. sensi:tild..t.y 
of columnar denitrification and denitrification 
in a suspended growth stirred tank reactor, and 

4. 	 to supplement existing knowledge concerning the 
effect of available packing surface area on the 
rate of denitrification. 
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LITERATURE REVIEW 

Nitrogen# Its Presence and Role in the Biosphere 

Nitrogen is an essential element in living matter. 

It forms the bulk of .··atmospheric gases and because of its 

seven available valence states, it is found in hundreds of 

different compounds, both organic and inorganic, that 

exhibit widely varying chemical and physical properties. 

·It is for these reasons that many people consider nitrogen 

as the most interesting of all elements. Nitrogen is very 

closely associated with life itself for it is only in the 

biosphere that the element is found in any significant 

quantity and in so many different forms. 

A summary of the numerous types of nitrogen compounds 

that are present in nature is depicted in Figure 1. Many 

authors have previously discussed the physical, chemical 

and biochemical factors which account for the dynamic 

distribution of these compounds in our environment. Of key 

importance in these discussions of the "Nitrogen Cycle" has 

been the role of the aquatic environment. Natural processes 

provide for the continuous addition and removal of nitrogen 

compounds from the earth's water bodies. Animal wastes 

and dead plant matter contribute large quantities of ammonia 

and organic nitrogen to rivers and lakes. Certain forms of 

aquatic organisms, notably blue-green algae, fix atmospheric 

nitrogen directly into organic forms. Nitrates and nitrites 
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are formed in nature by electrical discharges in the 

atmosphere as well as through the actions of certain plant 

related bacteria. These oxidized nitrogen forms also find 

their way into rivers and lakes through direct precipitation 

or transport in the ground water. Limnologists and marine 

biologists point out that the synthesis of organic nitrogen 

compounds from inorganic ammonia occurs a1most exclusively 

as a result of growth and reproduction of aquatic and marine 

plants and micro-organisms. Practically all higher fo·r.ms 

o£ plan~ and animaL li£e.- de-rive- the-ir organic nitrogen 

directly or indirectly from these micro-organisms. Bacterial 

denitrification o£ nitrate-s and nitrites to gaseous. nitrogen.., 

evaporation of free ammonia or other volatile nitrogen 

species and settling of non-readily degradable nitrogenous 

organic residues are all processes by which nitrogen can 

leave- the hydrosphere:._ -These. latt-er_ processes tend. to- per­

:rn:tt_ the-. e:stabTishment. of an equilibrium between the: nitr.ogen 

entering and the. nitrogen-:. leaving- the. world~~ S: rivers-,. lakes 

and oceans. 

Justification for Controlling Nitrogenous Wastes 

Through recent decades, man's activities have had a 

greater and greater effect on nitrogen equilibria. For 

example, Ferguson (1968) estimated that in the U.S., man 

' was directly or indirectly responsible for 46 to 79 percent 

of the total quantity of nitrogen entering waterways. 
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Municipal sewage.runoff from feedlots and other animal 

producing land,and runoff from farmland that utilizes ammonia 

and nitrate fertilizer account for the bulk of this nitrogen 

contribution. Nor is this extra nitrogen load distributed 

evenly throughout the environment. Feedlot runoff and 

municipal sewage effluent provide a relatively finite number 

of point sources of ·concentrate.d nitrogen. An average total 

nitrogen concentration of close to 40 mg/1 as N q~otea by the 

American Chemical Society (1969) for secondary municipal 

effluents is many times higher than normal levels found in 

receiving waters. It is not surprising then that a number 

of serious problems specifically related to excess nitrogen 

availability have been recognized and have aroused genuine 

concern within recent years. 

1. 	 EUTROPHICATION. The process of eutrophication can 

be defined as an acceleration of the biological 

productivity of a body of water due to an increased 

availability of essential nutrients. This tends to 

hasten the natural aging process of a lake by 

increasing the quantity of settleable material which 

then provides a more rapid filling of the basin 

through sedimentation. The lake eventually becomes 

extinct. Tod~y, anything that shortens the life of 
. 	 . 

a body of water or interferes with its use and 

enjoyment is socially unacceptable. For instance, 

one characteristic of many eutrophicated bodies of 
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water is the formation of nuisance amounts of algae. 

This can create clogging of water purification equip­

ment, it can necessitate costly pretreatment of water 

for industrial use and generally will reduce the 

aesthetic quality of recreational areas. Anoxic 

zones in lakes can also be caused as a result of 

eutrophication. This occurs when dead algae and 

other micro-organisms accumulate so rapidly that dis­

~olved oxygen is used up during the decay process 

faster than it can be- replenished. This- brings- about 

reductions or shifts in fish populations. 

The" concept o£ nutrient limitation allows- an 

insight into the causes of eutrophic conditions 

within a lake. In the early nineteenth century, the 

eminent German scientist, Justus von Liebig, first 

proposed' the· ifiea-, a£- the= liin.iti.ng or. g::rowth-det~~ 

mining nutrient- ih lii:s, I;aw- a£- the:. Minimum. A 

contemporary statement o£· thisc law· as-:.. it· af£ects= 

eutrophication has been presented by Gibson (1971). 

Briefly, Gibson proposed that a factor is not limit­

ing growth if, when it is increased in concentration, 

no effect on growth is observed. It is now generally 

agreed that either phosphorus, ni~rogen, or carbon 

are the nutrients which are most likely to be in 

limiting 
' 
concentrations for growth of aquatic 

phytoplankton. Also, since these elements are 

required in far greater quantities than other 

-9­
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essential nutrients, it would seem that the 

availability of these would be the easiest to 

regulate. Some studies have indicated that carbon 

may limit eutrophication in soft water areas (Kerr, 

1970). Massey .{1971) pointed out that the majority 

of nutrient limitation studies conducted indicate 

phosphorus to be the growth limiting factor. As a 

result of this evidence, many people believe that 

nitrogen removal from wastewater will have no 

bene£j ci al effects-:. However, a few studies. such as= 

that of Shapiro {1965) have shown that in certa~n 

areas where phosphate levels are relatively high, 

nitrogen can indeed be limiting growth. Massey also 

cited a study by Yoshimura in 1932 where it was shown 

that phosphorus was limiting at one time of year and 

nitrogen- at another t·ime. The~- th~ are:- at-· 

lea-:st a- num}jer" of_c: specifi:.(:::_ cases in which~ nitrogen_ 

removaL from= e£.fiuenta woul.d~ s:e.em~ to_ bee justified. 

Still some people argue that effective nitrogen 

controls would not be possible through treatment of 

wastewater, particularly because some aquatic 

species, notably blue-green algae, are known to be 

able to fix atmospheric nitrogen. ~his attitude 

infers that nitrogen can never be limiting. An 

argument of this nature however, is not valid because 

nitrogen fixation requires a fairly intensive outlay 

of energy, and nitrogen fixers that can utilize more 
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readily available nitrogen sources will undoubtedly 

grow more quickly than those which are forced to fix 

all of their required nitrogen from the atmosphere. 

2. 	 OXYGEN SAG. It has long been recognized that ammonia 

present in wastewater can be oxidized to nitrate by 

nitrifying bacteria with the consumption of 4.57 parts 

of oxygen for every part of ammonia nitrogen changed 

to nitrate. Nitrifying bacteria however, have a long 

generation time and historically, it was cons±dered 

inefficient to design treatment plants to provide for 

ammonia oxidation. It was- also thought that the: rate 

of nitrate formation in receiving waters could be suf­

ficiently slow so as to avoid any significant oxygen 

sags. Two recen~studies cited by Sawyer (1973) 

indicate that tllls rs not. neces:s:ar-±ly· the:- .case- and 

that significant oxygen sags can- be- cause·tt: by· ammonia 

oxidation, especi-alTy in· s-Iow sha-IIow· rivers. Th±s­

is a very important discove~- since there is generally 
' 

about 20 mg/1 of ammonia as N in effluents from con­

ventional secondary ~reatment plants and this represents 

an_oxygen demand approaching 100 mg/1. 

3. 	 NH3 TOXICITY. Even very low levels of free molecular 

ammonia are known to be toxic to fish. The harmful 

effects of ammonia on fish are related chiefly to the 

pH value and the temperature value due to the fact 
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that only the un-ionized fraction of ammonia is 

more toxic. This un-ionized portion increases with 

rising pH value, and with rising temperature. Some 

research has indicated that free ammonia becomes 

more toxic as temperature is decreased from 10°C. 

(European Inland Fisheries Advisory Commission 

Working Party on Water Quality Criteria for European 

Freshwater Fish, 1973). In this range, therefore, 

the effect of increasing toxicity with decreasing 

temperature tends to cancel the effect of the decrease 

in the percentage of un~ionized ammonia. 

Laboratory experiments of relatively short 

duration have demonstrated that the lethal concen­

tration of ammonia (un-ionized) for a variety of 

fish species lies in the range 0.2-2.0 mg NH3/l, 

with trout being the most sensitive and carp being 

the most resistant. Although concentrations of 

un-ionized ammonia below 0.2 mg NH3/l may not kill 

a significant proportion of a fish population, sig­

nificant tissue damage has been observed with prolonged 

exposure at concentrations lower than 0.025 mg NH3/l. 

Concentrations of total ammonia which contain this 

amount of the un-ionized portion vary from 19.6 mg/1 

(pH 7.0, 5°C) to 0.12 mg/1 (pH 8.5, 30°C). 
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4. 	 No3 TOXICITY. High nitrate levels in water consumed 

both by infants and by ruminant livestock are known 

to have toxic effects. The stomachs of both reduce 

nitrate to nitrite which in infants causes methemo­

globinemia (blue babies). The Ontario Ministry of 

the Environment has assigned a limit of 10 mg/1 as N 

for.nitrate in drinking water. Although most water 

sources at present contain substantially less than 

this quantity of nitrate, the situation could change 

shouLd areas that reuse the same water several times 

not adopt nitrogen removal regulations. A case in 

point would be sections of Minnesota and Manitoba 

that rely on the Red River for water... By the: time 

the river empties into Lake Winnipeg, the water has 

been used several times by man. Nitrate levels 

from farm runof-f.- and: sewage effluents could- con­

ceivably reach. hazardous.. levels... The munit j ons 

industry is another example: in which hi-qh effluent 

n~trate concentrations in the wastewaters could 

cause problems if suitable treatment is not employed. 

5. 	 Cl2 DEMAND FOR DISINFECTION. The quantity of chlorine 

required for water purification and sewage effluent 

disinfection to produce a free chlorine residual 

varies directly with the concentration of ammonia 

as well as other reduced materials in the water. 

Before a free chlorine residual appears, all of the 
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ammonia is oxidized to free nitrogen gas and nitrogen 

trichloride in a series of reactions. It takes 

roughly 3.8 parts of chlorine to oxidize one part of 

ammonia nitrogen. If large ammonia concentrations 

are present when the disinfection step is reached in 

a treatment plant, large quantities of costly chlorine 

will be required. From economic considerations, it 

may make sense to remove ammonia from sewage if 

disinfection is a requirement. 

BIOLOGICAL NITRIFICATION/DENITRIFICATION THEORY 

Nitrification 

Nitrification is the process by which micro-organisms 

oxidize ammonia to nitrite and then to nitrate as a means 

of providing energy- for growth and other metabolic_ :funct±ons. 

Painter (1970) mentioned that research to· date has _.identified 

two maine genera of autotrophi-c bacte-ria which are known to 

oxidize ammonia to nitrite, namely, Nitrosomonas and Nitro­

sococcus. Two other genera, Nitrobacter and Nitrocystis, 

have been shown capable of forming nitrate from nitrite. 

Although Painter (1970) also mentioned that a large number 

of heterotrophic bacteria have been identified as nitrifiers, 

heterotrophic nitrificati~n appears to be much less import­

ant than auto.trophi-c nitrification. Many of the hetero­

trophic species have been found in so11: samples only and it 

is not known whether_ they could also adapt to the environment 

of an activated sludge treatment plant. Autotrophic 
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nitrifying bacteria are probably much more efficient than 

heterotrophic forms in ammonia conversion because all of 

the energy used by these organisms is derived from the 

energy liberated during ammonia oxidation. Heterotrophs 

obtain only part of their energy requirements from nitri ­

fication, the major portion coming from organic substrate 

oxidation. Therefore, in. discussing nitrification, only 

nitrifying autotrophs will be considered. 

The processes of bacterial ammonia oxidation can be 

represented by the following equations: 

Nitrosomonas 

(1) 


.Nitrobacter 

(2) 


McCarty (1970) suggested c5H7o2N as an acceptable 

empirical cell formula for nitrifying bacteria. As a result, 

the assimilation reaction can be represented as: 

(3) 

By using reported values of actual cell yields the 

following overall mass balances combining nitrification 

and assimilation were proposed by Haug and McCarty (1971). 

Nitrosomonas 55 NH: + 5co2 + 76 >o 2 

C5H7o2N+54 N0-
2+52H20+l09H+ (4) 
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(5) 


It is significant to note that on the basis of 

equations(4)and(5},20 mg of ammonia nitrogen would produce 

only 3·mg of Nitrosomonas and roughly 0.5 mg of Nitrobacter. 

These yields are much lower than normally observed with 

heterotrophic aerobes. Also, the hydrogen ions formed 

during nitrification combine with bicarbonate and carbonate 

ions in solution to produce carbon dioxide and water. This 

decreases alkalinity by 7.2 mg as caco for every 1 mg3 

ammonia nitrogen oxidized. Since the water in a number of 

areas in North America has a natural alkalinity less than 

100 mg/1 as Caco3 , there may not always be sufficient 

natural buffering capacity in wastewater to permit the use 

of biological nitrification. 

Stoichiometrically equation(l)and equation(2)show 

that 4.57 mg of oxygen are required to oxidize 1.0 mg of 

ammonia to nitrate. When the contribution of the carbon 

dioxide used in assimilation is taken into consideration, 

this value is reduced to 3.9 mg of oxygen. 

Oxidation of ammon~a provides less energy than the 

oxidation of most organic substrates used by heterotrophic 

bacteria. Because of this, a large amount of ammonia must ­

be converted to supply sufficient energy for the assimilation 

of one bacterial cell. This is the reason for the low cell 

yield exhibited by nitrifying bacteria. Another facet of 
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nitrifiers is their long generation time. As a result of 

this,relatively long sludge residence times are necessary 

to allow the establishment of nitrifying populations in 

biological systems. In mixed cultures, the presence of 

high concentrations of organic substrates tends to reduce 

the percentage of nitrifiers because of competition from 

the more rapidly generating· heterotroph~. 

Denitrification 

Denitrification can be accomplished in two distinct 

ways by micro-organisms. First of all, assjmj lativa nitrate 

reduction can,be defined as the overall process-whereby 

nitrate-N is reduced to ammonia with the subsequent form­

ation of nitrogenous cell constituents. Secondly, dis­

simjlative nitrate- :£eduction or respiration_ is the- proc.e.s.s 

i-n" ·wh±ch: n±tx:ate ±:s:- used as- the- texminal: hyrlrogen acceptor 

.instead: of molecu1ar oxygen during the oxidat:ion of organic 

substrates. This results in the reduction of the oxidation 

state of the nitrogen from plus three in the nitrate form 

to zero as liberated gaseous nitrogen. 

A wide variety of common facultative bacteria are 

known to accomplish denitrification. Examples reported by 

Delwiche (1956} include Pseudomonas sp, Bacillus"sp, 

Micrococcus sp, Achromobacter sp and Spirillum sp. The 

reason why such a large number of bacteria are able to 

utilize nitrate respiration as. well as oxygen respiration 

is that the same series of reversible enzymatic reactions 
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employed in transferring electrons from organic substrates 

to molecular oxygen is also used when electrons are trans­

ferred to nitrate. This specific enzymatic pathway is 

called the electron transport chain. Only a different 

terminal enzyme, nitrate reductase, is required for nitrate 

respiration and this is formed by the bacteria in an oxygen 

free environment. Therefore, it is generally agreed that 

denitrification cannot occur in the presence of oxygen. 

Although some workers (Myers, 1955; Schmidt, 1962) have 

reported the occurrence of denitrification under aerobic 

conditions, this could have been caused by bacteria acting 

in anaerobic regions within floes. 

Denitrifyinq bacteria can oxidize the- -same -range o£ 

organic substances through nitrate respiration as through 

oxygen respiration with the exception of compounds such as 

--a.romati.cs which require oxygenases~ These enz_ymes can ~y 

be manufactured in the presence- of-oxygen.. Research con­

ducted by McCarty {19o9) has shown that methanol. is an 

effective~.- and economical substrate for denitrification. 

Using the same technique described for deriving the overall 

mass balance for nitrification McCarty (1973) presented 

a mass balance for denitrificatiion using methanol as 

substrate. The equations involved are shown in Figure 2 

together with a scheme for the pathways that nitrate fqllows, 

including the intermediate compounds involved, during both 

assimilative and dissimilative denitrification. Painter 

(1970) concluded that the basic system represented' in part 

-
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FIGURE 2 

A. 	 MASS BALANCE FOR OVERALL DENI'IRIFICATION 

(McCarty 1973) 

Energy Generating Reactions 

Step 1 

N03 + 1/3 CH30H --~ N02 + 1/3 C02 + 2/3 H20 

Step 2 

N02 + 1/2 CH30H --~ 1/2 N2 + 1/2 C02 + 1/2 H20 + OS: 

Overall 

N03 + 5/6 CH30H --~ L/2 N2 + 5/6 C02 + 7/6 H20 + OlC 
.Assimilation 

NO~ + 9/2 CH30H + 1/3 C02 + H+ --~ C5H7 02N + 19 H20 
3 

Qvend1_ Baiance- (:AssimH.-at:i'Otl +- rriss imi l ation) · 


N03 + l.OB· CH30H + H+ ~ 


.065C5H702N + .47 N2 + .76 C02 + 2.44 H20 

B~ ASSIMILATION-~ AND: DISSIMILATION PATHWAYs- AND INTERMEDTATES 

(Y.ain.t-er_ 1970) 

+5 +3 +1 0 -1 

N03____..._ N02-~'l-- NO ,:,~$fOH\ ~ NR20H 

N202 ' N2
N20 

----- Non Enzymatic 

__ Enzymatic 
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B of figure 2, which was first proposed by Fewson and 

Nicholas (1961), although not completely confirmed, is most 

likely correct. 

On the basis of the overall denitrification balance 

of Figure 2, it can be seen that the reduction of 20 mg of 

N0 -N would require 50 mg of cn on or 0.94 mg of methanol3 3

as carbon per mg of N0 -N. The 20 mg of N0 -N would also
3 3

result in the production of 10.5 mg of biomass that would 

contain 0.84 mg or about 6 percent of the total nitrogen 

removed. To facilitate estimation of methanol requirements 

and sludge production in a normal denitrifying reactor, 

McCarty (1973) presents the following formulae: 

Methanol Requirements 

(6) 

Biomass Production 

where: em 	is the required methanol in mg/1, 

is the biomass production in mg/1,CB 


NO -N is the nitrate nitrogen in mg/1,
3 

NO2-N is the nitrite nitrogen in mg/1, and 

D.O. is the dissolved oxygen concentration 
entering the system in the feed in mg/1. 

These expressions are basically derived from research on 

actual methanol consumption conducted by McCarty (1969). 

Other research is also cited as confirming McCarty's work 

(7) 
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(Smith et al, 1972; Stensel, Loehr and Lawrence, 1973). 

Finally, it should also be noted .that hydrogen ions 

are consumed during denitrification at a rate of 3.0 mg of 

alkalinity as Caco 3 per mg of No3-N. This will partially 

compensate for the alkalinity removed during nitrification. 

KINETICS AND REACTION RATES 

Basic Kinetics 

Many researchers have investigated the kinetics of 

nitrification and denitrification during the last ten to 

fifteen years. To date, the Monod kinetic model has been 

used most often to describe experimental data. 

li 	sR = 	 (8)K+s s 

where: 

R = 	mass of substrate removed per mass of 
biological solids per unit time, 

S = substrate concentration in the system 
(N03-N for denitrification, NH4 -N for 
nitrification), 

p = 	rate constant corresponding to the 
maximum substrate removal rate, 

= 	 half reaction constant defined as the 
concentration of substrate at which the 
rate of substrate removal is half of the 
maximum possible. 

Recent discussions of the literature by Sutton on 

nitrification kinetics (1974} and denitrification kinetics 

(1973) indicate that for mixed culture activated sludge 
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systems,the rates of ammonia and nitrate removal can 

generally be approximated by a simpler model which is zero 

order with respect to substrate concentration. This con­

clusion is largely based on the fact that the Monad Ks values­

derived by many researchers for nitrification and denitri­

fication are in the 0.2 mg/1 to 2.0 mg/1 range. Therefore, 

under most practical reaction conditions, the effect of Ks 

becomes insignificant and the Monad model reduces directly 

to a "zero order" expression with respect to substrate 

concentrat-ion~ :En at- lea-st ·one case {Requa and Schroeder, 

1973) the "zero order" approximation has been shown as 

valid for a fixed. film denitrification reactor a& wel1~ 

Nevertheless, the rates of substrate diffusion into and 

out of biological films may play a much more important· role 

in determining the apparent rate of reaction for fixed 

f1:lm processes than' far__ qj;spersed growth processes-. -Thei:e­

fore, ±rr the- absence:.. e£ mora data, care must be taken,·in 

adopting "zero orcfer"· kine-tics- for ni-trliicati-on- .and. 

denitrification in non-dispersed growth systems. 

Effects of Carbon Concentration on Denitrification 

Although there is general agreement that the dis­

solved carbon concentration influences the rate of deni­

trifi9ation, Dawson and Murphy {1972) have shown that as 

the carbon to nitrate ratio is increased, an increase in 

the unit denitrification rate occurs only until the theo­

retical carbon to nitrate ratio predicted for nitrate 
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reduction and organism_ growth is reached. Consequently, in 

operating a denitrifying reactor, to avoid rate limitations 

due to carbon availability, it is only necessary to assure 

that a stoichiometric quantity of carbon substrate is present. 

Oxygen Limitation in Nitrification 

Painter (1970) quoted'work by, Schobe.r;-1_-and Eilge1_ -{1964) 

which showed that oxygen did not become limiting for ammonia 

oxidation by Nitrosomonas until a concentration of 0.9 mg/1 

was. .reached. For mixed culture systems, Johnson and 

Schroepfer (1964) mentioned that 0.5 mg/1 was found by 

Downing and Bagley (1961) to be the limiting dissolved 

oxygen level for nitrification. Somewhat higher limiting 

oxygen concentrations have been reported for nitrite 

oxidations by Nitrabacter but this is of less practical 

in-t;erest. f-or sewage_ treatment s-ince- ammon±a oxi:da:t ion-- to 

ather: n£trite or:- ni.trate is- equally accep:tab:]..:et i£ den~tri:.­

fi'ca-tion-is·to Eollow. 

pH Effects 

Nitrification and denitrification have been reported 

to operate in the broad range of pH between 5.0 and 10.0. 

Generally, optimum conditions for nitrification have been 

found to exist between pH 8.0 and 9.0. Denitrification 

seems to proceed best at the slightly higher hydrogen ion 

concentrations associated with pH values of 7.0 to 8.0. 
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Significant, however, is the fact that much of the work 

conducted in the past was with pure cultures and usually 

little or no consideration was given to the effects of long 

term acclimation. 

Temperature Effects 

For many reactions, both chemical and biochemical, 

the rate expression can be written as the product of a 

temperature dependent term and a basic kinetic term, or: 

Rate = func (temperature) • func (basic kinetics) (9) 

Consequently, in biological sewage treatment design, 

knowledge of kinetics alone is insufficient as most treat­

ment facilities experience annual temperature fluctuations. 

All micro-organisms exhibit the same basic tempera­

ture versus activity relationship. At low temperatures, 

reaction rates are low. Rates increase more and more 

quickly as the temperature is raised until a maximum is 

reached. Usually the optimum temperature range for a 

specific species is quite narrow. As temperature is raised 

beyond the optimum the activity of the micro-organisms falls 

off quickly and continues to decrease until all activity 

ceases. This rapid deterioration is thought to be caused 

by temperature inhibition of the manufacture of certain key 

enzymes which are -esse.ntial in catalyzing specific cell 

reactions. Although all bacteria follow this general 

temperature-activity relation, the optimum temperatures of 

the various genera vary significantly. Definitions are not 
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precise but the following three groups of bacteria; 

psychrophilic, mesophilic and thermophilic, can be defined 

as having optimum growth rates under 20 degrees c, between 

20 and 50 degrees C and over 50 degrees C respectively. 

Nitrifying bacteria and the chief denitrifying bacteria 

are mesophilic with peak activities generally between 25 

and 35 degrees. Therefore, for all temperature conditions 

of normal raw sewage (5 to 25 degrees C in cold and temper­

ature climates) nitrification should exhibit increasing 

reaction rates with increasing temperature. 

An empirical relatLonship commonly employed to 

describe the effect of temperature on simple chemical systems 

and on the increasing activity phase of biochemical reactions 

was suggested by Arrhenius in 1889 (Laidler, 1965). 

K = Ae -E/RT {10) 

where: 

K is the reaction velocity, 

A is a constant (frequency factor), 

E is the activation energy (cal/gm mole), 

R is the gas constant (1.987 cal/gm mole °K), 
and 

Tis the absolute temperature (°K). 

It is important to understand that the activation 

energy E increases as the temperature sensitivity of a given 

system increases. Therefore, a reaction rate which is shown 

to fit the Arrhenius expression varies more with changing 

temperature if its energy of activation is 20,000 cal/gm 
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mole that if it were 2000 cal/gm mole. Systems that tend 

to minimize temperature sensitivities are less susceptable 

to large fluctuations in operating efficiency as the 

temperature changes.and are therefore preferred. 

In the analysis of rate data, several rearrangements 

of the basic Arrhenius equation have been used during the 

past. These include: 

= K e(T-To) Streeter and Phelps, (1925)
0 

e· 
,
(T-T )= K e · o McCarty, (1973)

0 

=~ 
:::---- Fair, Geyer, and Okun, {1968)
~-10 

where: 

is the reaction rate at temperature T,KT 


K is the reaction rate at temperature To'
0 

~-10 is the reaction rate at temperature 
T-10, 

a10 	is a measure of the increase in reaction 
rate caused by a 10 degree rise in 
operating temperatures, and 

e 	 is the thermal coefficient (related to 
the activation energy). 

A summary of temperature coefficients as calculated 

by Sutton (1973) for published denitrification data is 

given in Table 1. Table 2 provides a similar tabulation of 

nitrification coefficients. It is worth noting that in the 

case of both nitrification and denitrification the average 

a10 values are slightly greater than 2.0. This is compatible 
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3.0 

Table 1 

Temperature Ooeffi~i@nts For Denitrification 

(Data from Sutton, 1973) 

REFERENCE SYSTEM TEMPERATURE 

R:Mi~E °C 

K=A;E/RT 

E 

~"\'I< ee' (T-20) 
. 20 

e' 

~=Kao~(T-20) 
e 

· Qio 
VALUES 

Dawson (1971) 
Lab Scale 

Stensel (1971) 
Lab Scale 

I 
IV 
...,J 
I 

Mulbarger et al, 
(1971) 
Pilot Plant 

Johnson, Vania (1971) +0:-20Activated SludgePilot Plant 

.Wuhrmann, Mechsner 
(1965) 
Lab Scale 

Sutton (1973) 
Pilot Plant 

"' . 

Batch 3~27 16,800 Q.ll 1.12 
P: ·Dertitrificans. 1p~2o . . 0.10. 1.10 . 

Batch 
Activated Sludge +5~25 10,000 0.06 1.06 
SRT=2 days 
Continuous 
Activated Sludge +.O~ao 19,500 0.12 1.13 
Continuous 
Activated Sludge ~o~Jo 

1.74 

3.3 

-0.5 
-

Activated Sludge 0.1419,·000 1.15+0-20SRT=7.6 days 

Batch 10:-20Activated Sludge 

Continuous + Batch 
Activated Sludge 

1. SRT=3 days S:-25 

' 

15,300 o. 089. 

2, SRT=6 days s~zs 15,900 0,093 

Continuous 
Packed Columns 5:-?5 11,090 0,067 

1.093 ..2.4 

1.097 "'2,4 

1.07 "'2,0 

3.3 

2 

2.6 



Table 2· 


Temperature Coefficients For Nitrification 


I 

N 

00 
I 

REFERF.NCES 

Blue Plains Data 
Jan.72 - Sep_t. 7-:. 

··.Cit e d by B r o·wn 
and Caldwell 
0974) 

Mulb,arger 
(1971) 

.Pretorius 
(1974) 

Downing et al 

(1964) 


SYSTEM 


Batch 
Activated 
Sludge 

Batch 
Activated 
Sludge 

Continuous 
Rotating 
Biological 
Contactor 

Activated 
Sludge 

TEMPERATURE 

RANGE °C 

16.,;.27 

8-23 

5-30 

5-15 

K=Ae-E/RT 

E ... 

12,200 

10,800 

3,654 

20,400 
.. 

T 20e · 
a' 

0. 074 

0.065 

0.02 

0.12 
. . 

K =K O'(T-20l~=K e(T-20) 
QlO20 

a VALUES 

1.08 2.1 

1.07 1.9 

1.02 1. 25 

1.13 3.3 

http:16.,;.27


with the general rule of thumb that a ten degree C temper­

ature rise for a biological system will double the reaction 

rate. Of specific interest in the nitrification results 

is the very low o10 reported by Pretorius (1974) for his 

RBC apparatus. Although, it may well be that nitrification 

in an RBC exhibits some difference in temperature sensitivity 

compared to nitrification in the activated sludge process, 

the activation ene·rgy found by Pretorius is nevertheless 

very much smaller than any value previously quoted in the 

Literature.. In fact., Pretorius ' Ql.O value of 1. 25 is 

almost identical to the o10 value of 1.30 reported by 

Kehrberger .e.t al (1964) for diffusion limited glucose 

utilization in a BOD bottle. Diffusional limitations on 

the transport of oxygen or substrate may well have had a 

major effect on the nitrification rates observed by 

Pre-torius since: his disc rotationa-L speed waa--s.e:t. to gi..ve 

a tip velocity of only 29 ft/min (8:.._a :m/minl. Th±s is 

barely hal£ the value .recommended_ hy Antonie (1970) for 

optimum nitrification. The literature quoted in Table 1 

and Table 2 also shows that significant nitrification and 

denitrification can occur at temperatures as low as 5 to 

10 degrees c. This furnishes important support for the 

idea that biological nitrogen removal is viable in cold 

climates. 

Fixed Film versus Dispersed Growth 

There are basic environmental differences between 
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organisms in dispersed growth reactors and those which for.m 

stable films on solid surfaces such as those in packed 

columns and RBC's. Probably the most significant difference 

between these two types of systems involves the percentage 

of active, organism surface area in direct contact with the 

nutrient rich liquid phase. In kinetic studies of dispersed 

systems, the simplifying assumption that all active organisms 

have equal contact opportunity with nutrients is usually 

understood. This assumption however, can never be made for 

fixed film systems as nutrient and oxygen concentration 

gradients through the film directly affect contact oppor­

tunities. It.is, therefore, logical to speculate that 

diffusion of oxygen, nutrients and metabolic wastes between 

a film's surface and the interior plays an important role 

in determining overall substrate removal rates. In fact, 

both Torpey (1972) and Pretorius (1974) have shown that 

.nitrification rates increase significantly in rotating 

biological contactors when oxygen enriched or pure oxygen 

atmospheres are used instea~ of air. This would suggest 

that the higher driving force for oxygen diffusion between 

the atmosphere and the biological film produces higher rates 

of mass transport and hence, increased rates of nitrifica­

tion. Similar behaviour has not been observed for high 

oxygen concentrations in dispersed growth systems. Figure 

3 and Figure 4· show many of the diffusional processes which 

could be of importance in film nitrification and denitrifi­

cation. 
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FIGURE 3 


DIFFUSION PROCESSES IN FIXED FILM NITRIFICATION 


LIQUID PHASE BIO-FILM 
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FIGURE 4 


DIFFUSION PROCESSES IN FIXED FILM DENITRIFICATION 
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Several authors (Grieves, 1972, Haug and McCarty, 1971) 

have included the .effects of substrate diffusion successfully 

into mathematical models for nitrification in biological 

films. In the case of the model presented by Haug and 

McCarty, it was predicted that fixed film nitrification was 

less temperature sensitive than the usual dispersed growth 

process. The basis for this argument came from -the assump­

tion that certain portions within a film can remain inactive 

in ammonia oxidation for extended periods of t~e while still 

remaining viable._ At each temperature, a characteristic 

substrate gradient would:be established within the film. 

The depth of the gradient would be dependent upon the dif­

fusive flux of substrate into the film from the liquid phase 

and the degree of biological activity at that temperature. 

Theoretically, an active mass of micro-organisms could then 

-he.. -de.termi:nad by multiplying the to-tal film surface ar-ea by 

the film dens-ity and then by the depth of the substrate 

gra-dient: into- the fil:m... As. the temperatu.re: of the system 

is decreased, biological activity reduces rapidly. There 

is also a slight reduction in diffusive flux; however, dif­

fusive transport does not decrease as rapidly with falling 

temperature as biological activity. This pro.vides £or 
. + ..

deeper penetration of the~H4 and-02 gradients_into the film 

(see Figure 5) ·at low temperatures. Consequently, even 

though the ~onia removal per mass of organisms per time 

decreases as the temperature is lowered, the mass of active 

nitrifiers increases because significant ammonia concen­

trations reach deeper into the .film. These two phenomena 
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FIGURE 5 


TEMPERATURE SENSITIVITY OF FIXED FILM REACTORS 
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would tend to cancel one another resulting in a slower change 

in ammonia removal rate with temperature than in dispersed 

'phase systems. This model can also be generalized to include 

such things as denitrification and BOD removal. In some 

systems, the oxygen gradient may be limiting the "active 

mass .. rather than the substrate gradient. Pretorius (1974) 

with his o10 value of 1.25 provides some support to this 

theory of reduced temperature sensitivity for fixed film 

systems. As was previously discussed, however, unnecessary 

diffusion limitations may be partially or entirely respon­

sible for the very low temperature sensitivity found for his 

system. 

TYPES OF REACTORS 


Activated Sludge 


Many different modifications of the basic activated 

sludge process have been made in an attempt to provide stable 

and efficient biological nitrogen removal. Mulbarger (1971), 

who investigated a number of process alternatives, obtained 

the most consistent and dependable performance using the three 

stage sludge system with methanol (Figure 6). The first stage 

consists of an aeration tank and clarifier operated at a 

relatively short average solids retention time. Its main 

function is to provide BOD5 removal. A second aeration tank 

and clarifier are then operated at a much larger sludge age 

to allow sufficient time for the slow growing nitrifiers to 

become established. Nitrified secondary effluent then enters 
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FIGURE 6 

THREE STAGE . FLOW SCHEME FOR NITROGEN REMOVAL ( MULBARGER , 1971) 
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the stirred denitrification tank in the third st~ge. Since 

most organic carbon has been removed in the first two stages, 

methanol is added to the. system to provide substrate fOr the 

denittifiers. A small flash aeration tank after the stirred 

tank serves to remove any residual amounts of methanol and 

strips any nitrogen gas from the bacterial floc. This provides 

an effluent with a low residual oxygen demand and tends to 

prevent rising sludge problems in the final clarifier. 

Although the three stage sludge system is known to 

'function well, it tends~to be costly.. Therefore, research 

into other means of biological nitrification and denitrifi­

cation has been prompted by a desire to find less expensive 

and simpler processes which still allow efficient removals. 

~e Rotating Biological Contactor (RBC) 

The RBC consists of a series of closely spaced discs 

anchored to a sha-ft which is supported just above the surface 

of the waste in a semicircular bottomed rec±angular tank. 

The shaft rotates with a velocity generally between 2 and 6 

rpm (peripheral velocity about 60ft/min), thus alternately 

exposing the biological slime growing on the disc surfaces 

to the waste and then to the atmosphere. ~he motion of the 

discs through the liquid promotes good mixing and efficient 

nutrient contact and transport from the waste into the slime. 

Borchardt (1971) calculated for one of his RBC units treating 

municipal wastes that the amount of volatile solids contained 

in the attached films would have been equivalent to an acti­
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vated sludge tank containing 40,000 to 60,000 mg/~ of sus­

pended volatile solida. This may account partially for the 

high efficiencies reported for these systems. 

The rotating disc process grew from the development 

of the trickling filter. According to Steels (1974), the 

basic concept that slimes present on solid media in contact 

with sewage and air could aid in the overall efficiency of 

treatment had its origins from work conducted by Travis in 

England and the U.S. at the turn of the contury. Also, Steels 

(1974) mentioned that the first rot~ting cylindrical filter was 

designed and built by Weigard circa 1900. This consisted of 

a wooden cylinder with slatted walls that was filled with 

brushwood, partially submerged in the waste and slowly rotated. 

The design was supposedly inspired by the desire to reduce 

treatment power consumption. Although this system worked 

satisfactorily, as a roughing process, problems were encount~ 

ered with sludge accumulation in the filter resulting in short 

circuiting and the development of anaerobic zones. 

In 1929, Buswell reported the invention of the 11 Bio­

logic Wheel" by A.J. Maltby (Grieves, 1972). The basic 

design consisted of a series of paddle wheels with 12 or more 

steel blades per wheel which were rotated by sewage flow. 

Treatment results were good for detention times of 4 to 6 

hours. No commercial applications for this were reported. 

Tne RBC acquired its present form as a result of con­

siderable research initiated by Hans Hartmann and Franz 

Popel at the Technical University of Stuttgart in 1955 (EPS 
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Report, 1973). The first commercial installation of a 

modern RBC plant was made in 1959. Today hundreds of plants 

are in operation primarily in Western Europe. One of the 

most important·design features of RBC development during 

the past fifteen years has been the replacement of asbestos 

with plastic for disc construction. This has greatly 

reduced the weight and aided the manageability of the shafts. 

Power requirements have also been reduced significantly due 

to the lighter plastic media. 

The main advantages which have been quoted widely for 

the RBC compared to standard activated sludge treatment are 

as follows. 

1. 	 The RBC has a simple design which allows easy 
installation in any location and a minimum of 
operator control and maintenance. 

2. 	 Only a small amount of energy is required to 
rotate the shaft of the RBC providing excellent 
BOD and ammonia removal efficiencies per kilo­
watt hour. 

3. 	 Overloading the system will not cause solids 
.washout and plant failure. 

4. 	 It is thought that shock loadings of adverse pH and 
toxic materials have less effect on the fixed 
film of the RBC than in the"dispersed"bacteria 
in activated sludge. 

5. 	 Because prptective hoods are generally required 
over each RBC,potential odour problems could be 
easily controlled. 

Largely due to the advantages listed above, North American 

interest in the RBC has been gaining rapidly during the 

past four to five years. Nevertheless, there are still 
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relatively few commercially installed units on this side of 

the Atlantic. It is expected that the economy to be realized 

in constructing an RBC unit over a conventional activated 

sludge plant would be best achieved in small to medium sized 

plants. In the larger activated sludge plants, a great deal 

of added volume can be obtained with only a modest amount of 

additional concrete. Costs are much more linear with res­

pect to sewage volumes with RBC treatment. 

Considerable experience has been gained in the treat­

ment of municipal sewage by RBC reactors. The three most 

important operating parameters are detention time, disc 

surface area and temperature. 

A pilot study by Torpey et al (1972) using municipal 

wastewater showed that 30 minutes of contact time was 

generally sufficient for up to 90 percent BOD removal. This 

produced effluent BOD's in the 15 mg/1 range. For treatment 

beyond this point, much longer residence times were necessary. 

Data presented by Antonie (1970) indicated that ammonia 

+removal to an effluent concentration of 2._ 0 mg/R. NH4-N or 

less can be achieved in systems with hydraulic loadings of 

about 1 U.S. gal/ft"2/day (40 1/m2/day). In Antonie's 

systems, this would mean hydraulic detention times of roughly 

90 minutes or surface loadings between 0.15 and·0.20 #NH:-N/ 
2

1000 ft • day (0.3-0.-4 mg NH:-N/m2 ·hr) .Lue-Hing ~ al (1974) 

successfully operated a pilot scale RBC at detention times 

of 1.5 to 12.0 days to produce essentially complete nitri­

fication in a high ammonia content lagoon supernatant 
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+(740-830 mg NH -N/l).4

Since the amount of biological film increases in 

direct proportion to the disc area, most RBC systems are 

designed to provide the maximum surface practical. 

To date little comprehensive data are readily avail­

able concerning the effect of temperature on RBC operation. 

No direct comparison between the RBC and activated sludge 

temperature sensitivities has been published. The work 

that is presently available shows the predictable result 

that BOD and ammonia removal rates decline with decreasing 

temperature, but these rate decreases are not usually 

quantified. The major exception here is the work of Pretorius 

(1974) which has already been discussed. 

Currently, there are two differing opinions concern­

ing the effect of ammonia concentration on the rate of 

nitrification in the RBC for municipal wastewater. ·Torpey 

(1972) concluded that nitrification was zero order with 

respect to ammonia concentration. On the other hand, Antonie 

(1974 A) proposed that ammonia does exert a concentration 

effect although this effect is not specifically first order. 

Although Antonia's use of results from five separate RBC 

pilot plants provides a wider range of data than was cited 

by Torpey, it did not negate Torpey's findings. Also, each 

of Antonia's pilot units was divided into four equal sized 

compartments and it is inferred from his article that 

Antonie made the assumption that the hydraulic nature of 

each RBC was equivalent to four ideal stirred tanks in 
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series. This assumption may not have been valid since there 

was no mention that the assumption was substantiated by 

tracer analysis. Therefore, the apparent kinetics of am-

mania removal is still uncertain. 

Anaerobic Filters 

The anaerobic filter offers an alternative to stirred 

tank denitrification. Here stationary media is submerged 

and orga~isms which become attached to the media affect 

n±trate reduction: in the:- presence a£ a carbon source_. As 

with the RBC ., a large mas.sc o£ micro-organisms can be sup­

ported within the reactor without experiencing the' problem 

of washout due to overloading. Logically, packed beds that 

are designed and operated to give long hydraulic detention 
~ 

and maximum contact area between bacteria and sewage would 

exhibit the hi~he.s.t nitrate removals.. Th:is i.n.fers tha-t a­

ba..lance must be made between la~ vaidage and h_igh- surface 

a;[;'ea per cub-ic f-oot when choosing the best. filter. med-ia. 

A number of investigations of packed bed denitrifi­

cation have been carried out since the original work of 

Bringmann and Kuhn in the early 1960's. However, to date, 

few general design criteria have been established for this 

form of treatment. The systems that have been studied so 

far can be classified into two broad categories, small media 

systems (less than 1 inch nominal diameter packing) and 

larger media systems (packing diameters equal to or greater 

than 1 inch). 
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With the small packing, although nitrate removals 

appear to be efficient, rapid solids accumulation causes 

large pressure drops and necessitates frequent backwashing. 

English (1974), in his recent work with simultaneous COD 

polishing and denitrification in a 0.3 MGD (US) activated 

carbon plant, found that, even with backwashing twice daily, 

first stage head-losses averaged 30 to 50 psi {2.1 to 3.5 

kg/sq em). High and variable operating pressures create 

operating complexities and added equipment costs for pro­

cesses. Back-wash disposal also becomes an increasing 

problem. 

In the larger packing category,head losses have not been 

a problem. Unfortunately, removal efficiencies also tend 

to be much lower based on empty bed residence. It is thought 

that packings such as very large aggregate (2 ~nches) and 

Dow Surf-pac (a special synthetic trickling filter media) 

have too much void volume and insufficient surface area to 

allow~the~~ild-up of a large mass of active denitrifiers 

(Jones,l971). Although English {1974) includes in his report 

a rough cost estimate for providing denitrification for a 

10 MGD(US) plant, it is not stated whether this would be 

more economical than the much simpler stirred tank process. 

A novel approach to packed bed denitrification has 

recently been reported by Jeris and Flood {1974). Their 

system involves passing ~itrified secondary effluent through 

a sand filled column at a rate sufficiently high to expand 

the bed. Preliminary results have shown almost complete 
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removal. of roughly 20 ~g/1 nitrate nitrogen with an empty 

bed detention time as low as 7.2 minutes. To date, no 

mention has been made of the nature and degree of operating 

problems for this system. A process such as this, however, 

may eventually become attractive should the results of 

extended continuous operation show no decline in removal 

efficiency and no solids accumulation and pressure drop 

problems. 

Relatively little work on denitrification by sub­

merged filters has includad study of temperature on removal 

rates.. Investigations by Sutton (:t973) oyer a temperature 

range of 5 to 25 degrees C-and using 0.5 inch and 0.375 inch 

Berl Saddle packing ·produced nitrate reduction rates which 

fit the Arrhenius temperature dependency model. Here an 

activation energy of 11,090 cal/mole was reported. This 

w-as slight-ly lower than activation energies. found by Sutton 

fo.r stirred- tank systems. In: the·, sama s-tudy_., -by cempa-ring 

rates obtaioned with' the twa cfi:fferent pack±ngs, it was shown 

that packing surface area was directly related to nitrate 

·removal efficiency. Important however, is the fact that 

between the two packings evaluated there was only a 25 per 

cent difference in surface area per unit volume. This pro­

bably increased the likelihood of correlation. Sutton also 

found that backwashing~as required for his systems once 

in every four or five days caused by sl.ow but persistent 

increase~ in head loss. 

Recently Riemer (1974) has experimented with two 
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13 ft. (4.0 m) PVC columns, one packed with crushed_ granite 

(2-5 mm) and the other with quartz pebbles (2-5 mm) ,over a 

temperature range of·9 to 19 degrees c. Removal rates for 

nitrate were found to fit the following retardant type 

kinetic model: 

<ova)--	 (11)
o 

where: 	 c = N0 3-N concentration, 

c =NO-N coneentratien in the feed,
0 3 

r = removal rate of N03-N, 

v = empty bed volume, and 

Q = flow rate. 

The Arrhenius model was also adequate in describirtg the 

-rat-e versus temperature- dependency o£ Riemer''s systems. 

Re.su.:ttfn9:: adt.ivation- enexg±es fe-l:I be-Eween U,,/.0:0: and 

22-,-G-tHf ealjmo-Ie Co10 •s from 2.-3 to 3.8}. These -compare 

closely to the values for stirred tank systems (Table 1). 

It is significant to mention that neither of the 

above authors has accounted for deterioration in column 

efficiencies due to solids accumulation and changing 

hydraulic detention time in the column at the time of each 

run for rate calculations. Up to the present,all rates in 

column denitrification studies have been determined using 

empty bed residence or the theoretical packed bed residence 

(e.g. no 	growth on packing). This does- not adequately 
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reflect the cha~ging nature of column operation. The changes 

in actual residence times for submerged filters operated 

continuously for extended periods of time can be easily 

followed by conducting periodic tracer studies. 
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EQUIPMENT AND PROCEDURES 

Pilot Plant Setup and Reactor Specifications 

The equipment used for this research is part of a larger 

7200 IGPD. (32. 7 m~/day) capacity pj_~5?-t_ plant· facility locatea 

at the Canada Centre for .Inlana Waters in Burlington, Ontario 

and which was constructed specifically for the study of 

biological nitrogen removal. Figure 7 provides a schematic 

diagram of the entire nitrification/denitrification plant. 

Screened raw wastewater is received from the Burlington 

Skyway Water Pollution Control Plant and enters a tempera­

ture controller unit. The wastewater can then be fed simul­

taneously to three separate nitrifying reactors; two dif­

ferent activateQ. sludge systems and the RBC. Nitrified 

secondary effluent from Reactors A and B enters a second 

temperature controller from which the two different deni­

trifying systems are fed. Of primary concern in this study 

was the operation of the rotating biological contactor (RBC) 

and the packed columns. 

The RBC used for the nitrification part of this ~ork 

was an Autotrol Bio-Surf 1.5 ft (0.5 meter)Pilot Plant, Serial No. 

7407. Feed was introduced at the head of the unit by a 

rotating scoop device and flow was parallel to the central 

shaft through a series of four separate compartments. A 

total of thirty-six discs provided 250 sq. ft (23.2 m2 ) of 
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surface area. Rotation of the discs was fixed at 13 rpm 

which resulted in a disc tip velocity of 1.1 ft/sec (0.34 

m/sec). Hydraulic loadings of approximately 0.18 IGPM 

(0. 8 .t/mi.n) and 0. 35 IGPM (1. 5.9 R./min) were used during the 

course of the research. Although the measured liquid volume 

of the reactor varied a small amount depending on the 

hydraulic flow, the tank capacity was essentially 28.2 Imp 

gallons (128.t). 

Variable speed positive displacement pumps delivered 

nitrified secondary effluent to the two upflow packed bed 

den:itrl£ication co-lumn-s-·- Each column was- an 8 ft (2.. 44 m) 

high PVC cylinder with a 12 inch (0.30 m) diameter. As is 

shown in Figure 8, a series of six equally spaced_ sample 

ports and six backwash· inlets were located vertically on 

separate sides of the columns. All of the backwash inlets 

were connected to a: l::ine which: could be fitted to the- end 

o£· a garden -ho.s:e when ·l:JacRwash±ng was- requ±red. TWo- pressu:t"e 

gauges- were mounted- on each column to allow- detectiotr of any 

pressure gradients formed due to media pluqqi.ng by micro­

organisms. Column Fl was packed using 5 cubic ft (~15 

cubic m) of 1 inch (2.54 em) outer diameter and length 

Norton polypropylene Pal! Rings. A similar volume of 2 inch 

(5.08 em) rings was used in F2. This provided 315 sq. ft. 

(29.3 m2 ) of packing surface area with roughly 90 percent 

v·oid space in Fl and 155 sq. ft. (14. 4 m2 ) of packing surface 

with 92% void space in F2. The choice of Pall Rings as the 

packing media was influenced by the desire to have a high void 

fraction in the columns to help avoid development of large 
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pressure gradients during continuous operation while at the 

same time trying to maintain as large an available surface 

area as possible. Measured packed bed liquid volumes before 

growth were 34.8 Imp gal (158 1) and 35.9 Imp gal (163 1) 

for Fl and F2 respectively. A constant feed rate of 0.5 

IGPM (2.21 1/min) was applied to each column throughout the 

test programme. Therefore, the theoretical packed bed 

residence time was generally about 70 minutes for both Fl 

and F2. 

Start-Up 

The RBC was started up two months prior to the 

initiation of the experimental programme. This permitted 

the early establishment of a stable biofilm on the disc 

surfaces. ~hree weeks before commencing the experimental 

runs, the feed rate to the unit was set at 0.18 IGPM {0.82 

1/min) providing low surface loading for nitrification. 

High heat transfer efficiency between the rotating discs 

and the surrounding air made it difficult to maintain low 

operating temperatures. Therefore, prior to the first run, 

the RBC was insulated with one half inch (1.27 em) styrofoam 

on the sides and bottom and a specially designed hood con­

taining a standard 5000 BTU ·(1260 kcal) air conditioner was 

installed over the discs. Figure 9 shows the final arrangement. 

The two denitrifying columns were identical in design, 

the component parts of which were manufactured by private 

contractors. Assembly of the columns, packing and leak testing 
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were all done just prior to start-up. Start-up procedure 

involved filling each reactor about one third full of act­

ively denitrifying sludge from the clarifier underflow of 

Plant C. To this was added sufficient water to fill both 

columns and enough potassium nitrate and methanol solution 

to provide 35 mg/1 of N03-N and 50 mg/1 of methanol as 

carbon. Both units were then left to undergo a batch type 

action overnight after· which time continuous feed rates of 

0.25 IGPM (1.1 1/min) of nitrified effluent from Plants A 

and B were started. Methanol was added continuously to this 

feed in sufficient quantity to maintain a minimum methanol 

as carbon to nitrate nitrogen ratio of 1:1. Two days later, 

the feed rates were increased to 0.5 IGPM. A sp~ke of 20 mg/1 

of N0 -N plus extra methanol was instituted for two days a3

week after start-up to aid rapid development of denitrifying 

films especially on the upper sections of the packing. Visual 

observation of film development was not possible as the 

columns were not made of transparent material. Nevertheless, 

analysis of early effluent samples showed that significant denitrification 

was established very ·rapidly immediately following start-up. 

Because of the rapid acclimation, experimental runs started 

after two weeks of operation for Fl and after three weeks for 

F2. One half inch (1.27 em) styrofoam insulation was also 

placed around the columns. This essentially eliminated any 

temperature gradients within the reactors. 
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Experimental Design 

After acclimation, the effects of temperature on the 

rates of nitrification and.denitrification :in the RBC and 

the columns were ~nvestigated. A complete des~gn over five 

levels of temperature £rom.5 degrees C to 25 degrees C and 

for one hydraulic loading was conducted with the denitrifi­

cation reactors. The runs are- listed in Table 3. By 

operating the two reactors under identical conditions of 

feed and temperature, it was possible to determine the effect 

of the packing surface area on the rate of denitri£icat:ion .. 

It was intended t~ study nitrif±cation in the RBC 

over two hydraulic loadings and the .five temperature levels 

chosen for the den-itrification work. Difficulties in attain­

ing and maintaining the lower temperatures resulted in 

additional runs at other temperature levels. However, as 

-can be __seen from -Table 3,_ almost the entire temperature 

range ·desi:red was covered and sufficient repeats were llone 

t-o allow estimation of pur-e erro-r. To avoid s.ys'Cematic 

unknown errors affecting the results, the runs for the RBC 

and the columns were randomized as much as was practical. 

A series of dye tracer studies was also run on each 

of the three reactors to allow characterization of the 

hydraulic flow patterns throughout the duration of the study._ 

Operation of plants A,B, and c (see Figure 2) was 

supervised by different personnel in a separate project 

established to study nitrification and denitrification by 

activated sludge techniques. It was intended that data 
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Table No. 3 


Experimental Design 


--· COLUMN REACTORSRBC REACTOR ­
(Fl + F2) 

Temperature Hydraulic Date Run No. Temperature Date Run No. 
oc Loading ­ oc -
1 High 27/08 R16 5 29/06 C2 
7 High 29lOA R17 5 - 05)0'1 C3 
7 Low 12t07 R8 5 10/07 C4 
7 Low 08/10 R20 5 01/10 Cl6 
7 Low Hl/10 R21 5 03/10 Cl7 

10 Low 18/06 R1 10 29/08 Cll 
1o<1 Low 20/06 R2 10 27/09 Cl5 
10 Low 10/07 R7 15 20/06 Cl 
10 High 20/.08 Rl4 15 18/07 C5 
12 High 22/08 IUS. 15 20/08 ClO 
13.5 Low 05/07 R6 21_ 25}Q7 C6 

-!5 Low 2:6/.06. R3 21 00/08 C7 
15 Low 28/D6 R-4 21 93/0& C8 
15 Low 02/07 R5 21 15/08 C9 
zoC1 Low 25107 R9 21 19/09 Cl4 
20 Low 30/07 RlO 25 06/09 Cl2 
20 Low 08/08 Rll 25 12/09 Cl3 
20 High 15/08 Rl3 25 28/10 Cl8 
21.5 High 13/08 Rl2 25 07/11 Cl9 
25 Low 10/09 Rl8 

25 Low 12/09 Rl9 

25 Low 25/10 R22 


25 Low 06/11 R23 


(1 Only grab samples are available for R9 and R2. 
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generated from plants B and C be compared with results from 

the RBC and the columns. Specifically: 

1. 	 Plant B, operated as a two stage activated sludge 

plant to remove BOD and to carry on nitrification 

with a 7 day mean sludge age, provided rate data 

for comparison with the RBC results. Most of the 

runs used for comparison were conducted at the 

same time, using the same feed and operating 

temperature as the RBC runs. 

2. 	 Plant C provided similar comparative data for the 

denitrification reactors. A relatively constant 

high sludge age was maintained in C and runs were 

conducted in a similar range of temperatures and 

with similar feed as for Fl and F2. 

Feed Characteristics 

Plants A and B and the RBC were continuously fed with 

normal screened municipal wastewater. The median values ob­

served for influent BOD ,coo, suspended solids and TKN are
5

·tabulated below. Probability distributions of these para­

meters are given in Figures 10, 11, 12, and 13. 

Median Concentration 
{mg/t) 

Unfiltered BODS 120 

Unfiltered COD 575 

Suspended Solids 260 

Filtered TKN 22 
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FIGURE 10 
PROBABILITY DISTRIBUTION FOR UNFILTERED BOD INFLUENT TO ABC500 
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FIGURE 11 


aooo PROBABILITY DISTRIBUTION FOR UNFILTERED COD INFLUENT TO THE ABC 
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FIGURE 12 

PROBABILITY DISTRIBUTION OF SUSPENDED SOLIDS INFLUENT TO ABC-
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FIGURE 13 • 
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./ 

Occasional upsets at the treatment plant supplying the/Waste­

water resulted in the appearance of mixed liquor activated 

sludge in the pilot plant's feed for short periods of time. 

This, of course, caused dramatic increases in influent 

suspended solids. Normally, as soon as such a problem was 

noticed the feed was turned off and the pilot plants were 

run on recycle until the feed problems were solved. The 

distribution of TKN values of the wastewater shown in Figure 

13 does not inc·lude the effects of ammonium chloride· additions 

made to the feed on rate days. Ammonia spikes were often 

necessary during runs to·provide residual ammonia in the 

effluents of Plants A and B. 

The feed for the columns and Plant C can be classified 

as nitrified secondary effluent. Suspended solids and COD 

distributions are plotted in Figures 14 and 15. The median 

influent concentrations of unfiltered COD and suspended 

solids are 60 mg/i and 34 mg/i respectively. COD contributed 

as a result of methanol additionis not included in Figure 14. 

Combined nitrate and nitrite nitrogen concentrations varied 

over a wide range depending upon: 

1. 	 whether supplemental ammonia was being used for 
Plants A and B, 

2. 	 the degree of nitrification provided in Plant A 
and B at a given temperature, and 

3. 	 whether supplemental nitrate was being added 
directly to the second cooler. 
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FIGURE 14 
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FIGURE 15 
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During rate determini~g days, the influent nitrate 

plus nitrite nitrogen concentration was_ generally in the 

15 mg/t to 45 mg/1 r~ge with a median value of 28 mg/t. In 

a few cases, concentrations exceeded this range. 

RBC Operation and Sampling 

Once the unit was-started, very little maintenance 

was required to keep the RBC operating efficiently during the 

five month experimental period. No shut downs for cleaning 

purposes_ were_ necessary. Except. for_ two. brief_ per.iods-when 

the:- rate a£ film s:l-oughing noticeably exceeded the rate a£ 

growth,. the RBC maintained a relatively thick smooth brown 

bi-omass=- on- g-o- to- uro·percent o£c the visib-re- di:s-c- area. 

Occasionally the feed scoop ·at the head of the unit was 

rinsed with a_garden hose when it was noticed that the feed 

rata was... decreasing_ due to biomass_- accumulation ·w.il:nih the_ 

SQOop·- channel'. As: was=, pr-ev-iuus1.y-- mentioned;- some:: di-££innlty­

was~ encountered- irr: adj-usting: the sy_s Lem teJnEera-ture to t-he.: 

prescribed levels. Although the temperature of the feed could 

generally be set near the desired value, heat transfer occur­

ring between the disc surfaces and the air often caused an 

unacceptable temperature rise through the system at the lower 

temperatures. The addition of the hood and air conditioner 

greatly reduced the problem as the air within the hood could 

normally be maintained between 10 and 15 degrees C, thus 

greatly reducing the heat transfer driving force. Temperatures 

within the nitrification unit were recorded daily. Other 

system and feed characteristics such as suspended solids, 
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alkalinity, pH, flow and dissolved oxygen were measured at 

varying intervals throughout -the test ps=iod. 

The experimental design was arranged such that two 

runs could be conducted each week. Run temperatures were 

set each Friday with a maximum of 10 degrees C change from 

the previous week. Allowing four days for acclimation, 

experimental runs were then made on Tuesdays and Thursdays. 

Ref:rigerated twenty-four hou:r: composite samplers were used 

to collect effluent and raw feed at one hour intervals during 

each run. This was the same procedure followed for Plant B. 

Normally, one raw feed composite sample served as Plant A, 

Plant B and Plant E influent. The effluent and raw feed 

were then prepared for submission to the Analytical Section 

of the Wastewater Technology Centre for COD, BOD ,TOC, TKN,5 

N03-N, N02-N and NH~ determinations. On Thursdays, -a set of 

grab samples was also taken from each of the four RBC com­

partments as well as from the influent and effluent. Analysis 

of these samples provided information on the gradients within 

the RBC of the various nitrogen compounds present. 

In many instances, ammonium chloride/carbonate or 

bicarbonate was mixed in with the wastewater in cooler No. 1 

ahead of the RBC during rate days to assure that a TKN resi­

dual would remain in the effluent composite. 
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Denitrification Column.Operation and Sampling. 

D.ay to day operation of the -denitrification columns 

involved occasional monitoring of feed temperature, column 

pressure gradients, flow rates, pH and nitrate levels. No 

problem was encountered in maintaining desired temperatures. 

Methanol was continuously added to the feed line such that 

the minimum C:N ratio entering the system was 1:1. 

An experimental run for the columns consisted of con­

tinuous operation of the reactors for one week at a constant 

temperature. Temperature changes between runs were usually 

made on Fridays with no more than a 10 degree C change being 

made in any given week. After six days of acclimation, grab 

samples ·were taken of the feed, from port 2, from port 4 and 

of the effluent of each column. These were prepared and 

either refrigerated or submitted immediately for COD, TOC, 

N03-N, No2-N, TKN and NH4-N analyses. Some samples were 

. frozen for future methane.! determination. This ·procedure 

was. similar te that fo.llowed for sampling and operating o£ 

Plant c. 

Daily operating data and analytical results for the 

RBC as well as the columns are tabulated in Appendix A. 

Sample Preparation and Analyses 

Samples for TOC and methanol analysis were prepared 

by filtration through 0.45 micron Sartorius filters followed 

by acidification to approximately a pH of 2 with concentrated 

hydrochloric acid. Unfiltered TKN and COD samples were 
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acidified with concentrated sulphuric acid. Preparation of 

N0 -N, No -N, filtered TKN, NH4-N and COB samples was accom­
3 2

plished by filtration through 0.45 micron Gelman_ glass fiber 

filters. All samples were stored at 5-10 degrees c in poly­

ethylene bottles while awaiting analysis except for methanol 

and BOD samples which were frozen. 

The specific analytical procedures utilized are listed 

and described in Appendix B. 
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RESULTS AND DISCUSSION 


Nitrification 


Hydraulic Characterization: 


Two separate dye studies were conducted, one at each 

hydraulic loading used during the nitrification research. 

These studies involved the monitoring of reactor effluent 

dye concentration after a slug of Rhodamine WT dye had been 

added to the feed inlet. Both runs produced essentially 

identical response curves indicating that variation of the 

hydraulic detention in the RBC has no -effect on thee -flow 

characteristics. Also, the fact that the mean dye residence 

time found in. -each s:t:udy· was the same as the theoretical 

residence time showed that there were no stagnant zones or 

dead spaces in the reactor. Attempts were made to fit a 

dispersion model- {Timpany, 196:6} and an equal tanks in 

s-eries :model (Levenspiel,. _19-67) to--the _-e-xperime-nta-1--&:t.a. ­

Physica-lly, the RBC consisted of four compartments in. series 

as was shown in Figure 9. Consequently, it was anticipated 

that the flow in the unit would be described adequately by 

a system of four consecutive equal stirred tanks (CSTR's). 

This was not the case. Figure 16 shows that the flow was 

in fact represented best by a 2 CSTR model. This indicates 

that significant backmixing was occurring between adjacent 

compartments in the RBC. It should be noted that in both 

cases, only 88 percent dye recovery was achieved. Absorp­

tion into the biological film in the reactor may account for 

the majority of this discrepancy. 
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A brief summary of the procedures used in conducting 

the dye studies and in analyzing the results is presented 

in Appendix F. Computer analysis was done with Programme 

#1 in Appendix c. 

Nitrogen Balances: 

In its simplest form, a nitrogen balance for the RBC 

can be expressed as a standard mass balance in the following 

manner. 

NITROGEN ENTER'rNG NITROGEN LEAVING NITROGEN· = THE RBC THERBC ACCUMULATION 

For this particular system, the major nitrogen forms which 

must be accounted for are: 

1. soluble NO 3 

2. soluble N02 ­

3. soluble NH+ 
4 

4. nitrogen in soluble organic compounds 

5. nitrogen in suspended organic solids 

6. dissolved N2 

Unfortunately, there was no point in monitoring the 

levels of dissolved nitrogen gas in the influent and effluent 

of the RBC since there was no way in which the nitrogen 

entering and leaving the system via the atmosphere could be 

measured. Nevertheless, a balance on the remaining nitrogen 

forms should be possible as long as no organic fixation of 
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nitrogen gas occurs and none of the other nitrogen species 

is transformed to nitrogen gas. The latter would only occur 

in the event of biological denitrification. In that case, 

there would be~an apparent net loss of nitrogen from the 

system. For each experimental run on the RBC for which 24 

hour composite feed and effluent samples were available a 

tabulation was made of soluble No;, soluble No; and un­

filtered TKN levels in the two streams. The TKN analyses 

account for the ammonia present as well as most of the 

nitrogen present in. the __soluble and suspended organic com­

pounds... For the five months in which the RBC was operated, 

the amount of film on the disc surfaces seemed to remain, 

relatively constant and there was no build-up of sludge at 

the bottom of the tank. Therefore, the average value for 

the accumulation term in the nitrogen mass balance is assumed 

to be zero. The balances for each run are shown in -Table 4.. 

It can be. seen from' the :last column that in almost every 

run more reitre<Jen seemed- te-~enter the -system:- than leave it. 

.In fact, an average of close to 7 mg N/1 or 15% of the total 

nitrogen entering is unaccounted for in the effluent. This 

can be explained most easily if denitrification was indeed 

taking place in the system particularly deep in the biofilm 

where oxygen deficient zones were likely to be present. The 

only other plausible explanation would be that the effluent 

composite sampler was undersampling suspended solids, par­

ticularly with respect to the large floc particles sloughed 

from the discs. A tabulation of the available composite 
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TABLE 4 


ROTATING BIOLOGICAL CONTRACTOR 


NITROGEN BALANCE TABULATION 

FROM 24 HOUR CO}IPOSITE SAMPLE ANALYSES 

A: TOTAL NITROGEN 

DIFF 
RUN NITROGEN IN (mg/1} NITROGEN OUT (mg/1) (IN-QUT) 

TKN N03 N02 TOTAL TKN N03 N02 TOTAL 
(UNFIL) (UNFIL) 

R1 
.RJ 

26.8 
36.0 

·o.5 
o.5·' 

0.1 
Q.L 

-27.4 
36.6" 

15.3 
12.6 

8.0 
10;5~ 

1.0 
4.8 

24.3 
21.9' 

3.1 
:9.5 

R4 43.3 3.0 0.0 46.3 19.6 7.5 5.0 32.1 14.2 
R5 ,40.8 1.0 0.2 42.0 17.4 10.5 2.5 30.4 11.6 

-R6 43.1 0;.3 0.1 43.7 32.5 8.0 1.0 41.5 2.2 
. 'R1 "27 ..4 1.3 0.4 29.1 1.5..6 5.1 0.8 22.1 l .. O 

R& 27.6 0.2 0.1 27.9­ 18.9 3.5 o.,.,6 23--.0 4.9 
RlO 52.6 0.5 0.1 53.2 35.9 12.3 - 1.5 49.7 3.5 
-R1l -65. 9· 0-.7 -{). 2 66.8 49'.6 9.S 1.3 60.4 6 .. 4 
R12 39.2 i.O 0..5 40.7 23 ..7­ 7.3 3.8 34·•.8 5~9 
R13 46.2 0.7 0.2 47.1 33.8 5.3 3.0 42.1 5.0 
Rl4 33.6 0.2 0.1 33.9 28.2 0.6 1.2 30.0 3.9 
Rl5 49;3 1.8 0.1 51.2 48.1 0.7 0.7 49.5 1.7 
R16 31.2 0.9 0.1 32.2 32.1 1.0 0.3 33.4 -1.2 
R17 42.0 0.3 0.1 42.4 39.4 1.1 0.2 40.7 1.7 
R18 62.3 G-.1 0..8 63.2 52.7 1.3 2.4 56.4 6 ..8 
ng· 6-5.5 a.o 13-.1 '65·.6 40.·.8. 2...4 J .. l -5Qo.~Jc 15~3-
R2Q;. 6:9:_6; a.-o 0'.A 1-0;..0. 3.6:..3 ll..G ~--G 48-.3­ 2): ..1 
R21:. 38..3: o-.o 0 • .0 .38...0 42-.3· 9..3 1.9­ -44.5 -6...:5 
n2 31..0 0.0 0.4 37.-1 31.0 6 .. 2­ 1.5 38.7-' -1.6 
R23· . 51.0• o·.s o·.o· 61.5 39.8 7.0· 1.0· 47-.8 U-.7 
R24 72.9 0.7 0.0 73.6 41.2 10.3 2.9 54.4 19.2 

46.8 40.0 6.8 
15% 

-
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suspended solids data shows an average raw feed level of 

303 mg/1 while the effluent level is only 293 mg/1. Because 

of the large variations from day to day in solids levels, 

these two average values are not significantly different 

statistically. Nonetheless, it could be reasonably expected 

that the suspended solids level leaving a reactor such as the 

RBC would be somewhat higher than the level entering as 

solids are continuously sloughed from the discs adding to 

the suspended material already present. The quantity of 

additional solids would depend on the micro-organism yield 

from BOD5 removal and nitrification. With an average soluble 

BOD5 removal of roughly 30 mg/1 and nitrate plus nitrite 

formation of 10 mg/1, a net production of 15 mg/1 of biomass 

could be easily rationalized. Theoretically, therefore, the 

effluent solids for the RBC might have been 25 mg/£ higher 

than what the actual data shows. This would explain perhaps 

3 mg/1 of the 7 mg/1 nitrogen imbalance. A profile of the 

relative composition of soluble nitrogen in the RBC is 

presented in Figur~ 17. 

To provide a rough comparison of the RBC operation 

to that of an activated sludge plant, several influent and 

effluent nitrogen tabulations were made on Plant B. Average 

results for eleven days operation of plant B, chosen randomly 

during the same operational period in which the RBC was run, 

s.how that an average of 8 percent of the measured influent 

nitrogen cannot be accounted for through effluent analysis. 

Balances for individual days ranged from a nitrogen gain 

of + 12 percent to a loss of 24 percent. Parameters included 

in the balance calculations were influent and effluent 
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FIGURE 17 


PROFILE OF SOLUBLE NITROGEN COMPOUNDS 
IN THE RBC (GRAB SAMPLES TAKEN 25/1) 
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3N0 -N, No 2-N and unfiltered TKN along with unfiltered TKN 

leaving the system through sludge wasting. 

Alkalinity Consumption 

From equation (4) in the literature review, it can 

be shown that 7.1 mg of alkalinity as Caco should be con­3 

sumed for every mg of ammonia nitrogen utilized by nitrify­

ing bacteria. This includes the nitrogen that is used in 

assimilation as well as the nitrogen which is oxidized. 

Equation (4) also shows a very low yield for nitrifiers, 

hence almost all of the ammonia is converted directly to 

nitrite and nitrate. The result is that 7.2 mg of alkalinity 

as Caco are consumed per mg of nitrate or nitrite nitrogen3 

formed. When considering the actual amount of alkalinity 

consumed during the RBC operation, it must be remembered 

that other processes besides nitrification were occurring, 

specifically BOD removal. The average removal of soluble
5 

BOD5 from the system during the experimental period was estimated 

to be· 30 mg/R.. Assuming a yield of 0.5,this would result 

in the production of 15 mg/i of biomass. Between 1.5 and 

2.0 mg/i of this biomass would be. nitrogen. The process of 

assimilation has no effect on alkalinity. Therefore, for 

this particular system, the ratio of alkalinity consumed 

per mg of ammonia nitrogen consumed should be less than 7.1. 

The actual ratio will vary depending upon the relative 

importance of BO%removal in a given run. 

These "consumption ratios" for alkalinity also 
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depend on whether or not denitrification is occurring 

simultaneously with nitrification. For instance, if in the 

RBC _ 12 mg of nitrate nitrogen are formed, the alkalinity 

consumed would be 14.4 mg. Assume then that of the 2 mg of 

nitrate nitrogen formed 1 mg is denitrified. From the over­

all balance in Figure 2 of the literature review, it can be 

determined that 3.6 mg of alkalinity as Caco will be re­3 

formed as a result of 1 mg of N03-N being denitrified. The 

net result is that for an apparent formation of 1 mg of N03-N 

-a t.otal..- a£ ~o. ...a mg: of caco
3

. (14.. 4 mg~3.6 mgJ woul.d be. -uti ­

lized. -This shows that if nitrification and denitrification 

·are bath pre~ent in a biological system, the ratio of 

alkalinity used to N0 -N + No 2-N formed should be larger3

than 7.2. At the same time, the alkalinity to ammonia 

nitrogen ratio will decrease from 7.1 since in the preceding 

examp·le 2:: mg: af NH:-N. w.er.a utili-zed to only 1{). 8 mg.-:-ef 

- al.kal..initlr as caco3.• The ratio in this--case is. .5_ ..4. 

TabJ:e 5 lists· a·Ikal±nity consumption data for lA 

separate 24 hour composite samples from the RBC. The last 

values of the last two columns show that on the average 
-

2.0 mg of alkalinity were removed from the RBC for every 


mg of NH+ 
4-N removed and that 5.9 mg. were removed for every 


mg of nitrite and nitrate nitrogen produced~ The second 


value in particular is very unexpected as it was pointed 


out in the above discussion that the ratio of alkalinity 


as Caco3 to N03-N + No2-N should be equal to or greater 


than 7.2. No reasonable explanation for this result was 
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TABLE 5 


ALKALINITY CONSUMPTION IN THE RBC 


+
DATE b. SOL NH4-N _b. N02+N03 -N b. ALKALINITY b. AL~LINITY b. ALKALINITY 

mg/1 mg/1 mg/1 as caco3· . b. ·NH~-.:yr- b. N02+N03-N 

06/09 10.0 2.8 13.7 1.4 4.9 

10/09 23.2 9.4 35.7 1.5 3.8 

12/09 28.0 10.7 69.4 2.5 6.5 

16/09 20.0 6.0 43.9 2.2 7.3 

17/09 15.0 7.2 36.2 2.4 5.0 

18/09 11.4 5.9 34.1 3.0 5.8 

19/09 15.0 3.6 22.4 1.5 6.2 

24/09 12.0 3.2 18.3 1.5 5.7 

25/09 18.0 5.5 34.2 1.9 6.2 

26/09 17.0 30.1 23.4 1.4 .8 

08/10 7.5 2.2 13.2 1.8 6.0 

10/10 8.0 1.6 21.2 2.7 13.3 

25/10 20.0 7.5 50.0 2.5 6.7 

06/11 22.5 12.5 53.0 2.4 4.2 

AVERAGE VALUES 2.0 5.9 
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found although the value of 5.9 mg Caco
3 

per mg N0 -N
3

found in this study is similar to the value of 6.1 reported 

by Mulbarger (1970) in his work with nitrifying activated 

sludge systems. Certainly this data does not support the 

hypothesis that denitrification was also present in the RBC. 

Nitrification Rates 

For the purposes of this work, the rate of nitrifi ­

cation was defined as the rate of soluble TKN removal from 

solution~ Removal rates were calculated using a "zero order" 

kineti-c- modei.'·- First-,_ however., it- was necessary' to, d.emol'l~ 

strate that the experimental data in fact displayed no TKN 

concentration-dependency_ Two di~£erent approaches were 

used to investigate this problem. First of all, nitrifi ­

cation rates were determined for each experimental run using 

a simple- first .order kinetic model coupl.ed. with. a two equa J 

tank-s= in serie-s_, hydraul..iC" modeL The tracer stud.iesc. haY& 

preV-iOusLy shown, the hydraulic modei.· trr• be: adequ.ate:..-. 

Levenspiel.- (19-6':1) gives:o. the:- foLlowing- mathemati-eal expres­

sion for solution of first order reactions in tanks in 

series. 

(12) 


where: c is the influent soluble TKN concen­
0 tration into the first tank in mg/t, 

em 	 is the TKN concentration in the m th 
tank in series in mg/1, 

tm 	is the average detention time in each 
tank in hr, 
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m is the total number of tanks, and 

K is the rate constant at a given temperature in 
hr-1. 

When m=2, this equation is rearranged in the following manner 

to allow :bhe determination of the rate constant K. 

(13) 

If the effluent TKN concentration of the RBC is assumed to 

ha tha same as Cz, then the rate of nitr±:fi:cation can be 

calculated for the second hypothetical tank in the model 

where: 

(14) 

In thios case· V~ and: A~ are. one hal£ o£ the- tntad. RBC.. vulume 

and· surface area- respectively. This arrows. the removar rates 

to be expressed as· mg- TXN/--hr m2 • The data· cai-cuiatea us-rng 

the above technique is listed· in Table 6. As can be seen 

from this table, the rates were then transformed into dimen­

sionless quantities by taking all of the values at a given 

temperature and dividing each by the average rate for that 

temperature. A similar transformation was made of the solu­

ble effluent TKN concentrations. The dimensionless rates 

were then plotted against the dimensionless concentrations 

in Figure 18. This form of presentation allows the com­

parison of rate versus concentration data with temperature 

effects blocked out. Logically, if TKN concentration did 
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.TABLE 6 

RBC DATA 

1ST ORDER MODEL 

RUN TEMPERATURE 
oc 

EFFLUENT SOL. TKN 

mg/1 DIMENSIONLESS 

REMOVAL RATES 

mg/hr m2 DIMENSIONLESS 

Rl6 
Rl7 
R8 
R20 
R21 

7 
7 
7 
7 
7 

18.9 
23.3 
12.7 
20.8 
18.9 

1.00 
1.23 

.67 
1.10 
1.00 

13~8 
1.7 

14.8 
11.3 
14.1 

1.12 
.63 

1.20 
.92 

1.14 

AVERAGE 18.9 1.00 12.3 1.00 

lU 
R7 
Rl4 

10 
10 
10 

1"6...4 
9.9 

18.2 

.81 

.77 
1.42 

16.2 
18.2 
23.8 

.84 

.94 
1.-23 

AVERAGE 12.8 1.00 19.4 1.00 

R3 15 12.5 .88 24.6 .93 
R4 15 17.4 1.22 27.7 1.04 
R5 15 .13.1 .91 27.5 1.03 

AVERAGE 14.3 LOO 26.6 1.00 

lWl 2ft 25.4 1.04 40.3 .98 
RI1 20 21.4 .88 34.4 .83 
Rl3 20 26.3 1.08 49.5 1.19 

AVERAGE 24.4 1.00 41.4 1.00 

Rl8 25 25.5 .94 46.6 1.00 
Rl9 25 25.0 .93 51.5 1.10 
R22 25 23.7 .88 46.2 .99 
R23 25 33.8 1.25 43.0 .92 

AVERAGE 27.0 1.00 46.8 1.00 
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FIGURE 18 

NITRIFICATION RATE VERSUS SOLUBLE TKN. ROTATING 
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have an effect on the reaction rate, the higher rates in 

Figure 18 should be associated with the h~gher concentrations. 

This is not the case. From the scatter of the data, there is 

no reason to believe that any significant correlation exists 

between these two variables. 

The second procedure used to investigate concentra­

tion effects was to repeat the above analysis using a "zero 

order" assumption for nitrification kinetics. If the overall 

removal is independent of TKN concentration, there is no need· 

of a su±table hydraulic model o£. the reactor since conversion 

is only a function of detenti<m time and surface area. The 

following expression was used to generate the rate data 

listed in Table 7. 

Rate = K = <co-c>:o (15)
.A 

where: co_ =-influent soluble TKN mg/R. 

c =.effluent sal:ubl:e TKN mg/R. 

Q_ - hydraulic loadinq lfhr. 

2A = surface area of discs m 

K = rate mg/hr m 2 

In order to ascertain if-the calculated rate data varied 

with concentration, the values were plotted against influent 

concentrations in a dimensionless format. The resulting plot 

(Figure 19) shows the same behaviour as Figure 18. Therefore, 

once again there is no indication that concentration of 

soluble TKN influences nitrification in the RBC. 

In light of the above, it was concluded that TKN 

-82­



TABLE 7 

RBC DATA 

CALCULATION OF DIMENSIONLESS RATES AND DIMENSIONLESS INFLUENT TKN 

· ZERO ORDER MODEL 

RUN TEMPERATURE INFLUENT TKN REMOVAL RATES 
oc mg/1. DDlENSIONLESS mg/hr m2 DIMENSIONLESS 

Ri6 7 22.7 .92 14.7 . 1.08 
Rl7 7 25.4 1.03 8.3 .61 
.R8 7 20.6 .83 17.0 1.25 
R20 7 27.5 1.11 12.1 .90 
R21 7 27.5 1.11 15.7 1.15 

AVERAGE VALUES 24.7 1.0 	 13.6 1.0 


lU: ro-. 19. .. 4 .91 19.3 .86 
R7· I-(J zo-.7 .9"5 22-.1 • 9-9-· 
lU4 1D 24.3 l.I-4 26 ..0. 1.16 

AVERAGE VALUES 21.3 1.0 	 22.5 1.0 

R3. 15 -: 26.6 .•'90 30:..6 .94 
R4 15' 33.2 1.12 33.-2 1.02 
R5 15 28.9 . .98 34.2 1.05 

AVERAGE VALUES 29.6 1.0 32.6 1.0 

Rl-(); ~2o 47.7 1'~11 48..3 LO 
:an.;_ 201 4J.;.~ ..!16: 41.3­ • .85 
·RJ3 20 3"9.8­ .93 55.5 .I.I5 

A\ZERAGlr. VAL1JES. 42.9 1.0 4tf..4­ I.O 

Rl8 	 2S" 48.7 .91 55.T .9"6 
3-S"Rl9 56.2 1.05 64.3 1.11 

R22 ~$ 49.5 .93 56.7 .98 ,_s-­R23 	 59.4 1.11 54.2 .94 

AVERAGE VALUES 53.5 1.0 	 57.8 1.0 


·. 
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FIGURE 19 


NITRIFICATION· RATE VS. CONCENTRATION DEPENDENCY 
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removal in the RBC could be described satisfactorily by a 

"zero order" kinetic expression. This conclusion, of course, 

is only valid within the TKN concentration range studied. In 

this research, 10 mg/i of filtered TKN was the lower concen­

tration limit measured during rate days. Table 8 provides 

the nitrification rates calculated from the RBC data'observed 

in this study. 

Arrhenius Temperature Dependency 

Of prime importance in this study was the effect o~ 

temperature on the rate of nitrification. Although using soluble 

TKN removal as a definition of nitrification is not techni­

cally accurate, it is appropriate for wastewater treatment 

since the main reason for promoting nitrification is to 

remove TKN. As was mentioned previously, the activation 

energy in the Arrhenius equation is a measure of the tempe­

rature sensitivity of a system. Using a log transformation, 

a linearized form of the Arrhenius equation was fitted to 

the RBC data. The linearized form of the model was developed 

from a reparameterized version of the original Arrhenius 

expression: 

.!._)-E/R {-1 ­K = K* e T T {16)
0 

A -E/RTwhere: K* = e o {17) 

T = median temperature in OK 
0 
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TABLE 8 


RUN TEMPERATURE NITRIFICATION RATE 
oc mq SOLUBLE TKBtm2 _hr 

Rl6 7 14.7 

Rl7 7 8.3 

R8 7 17.0 

R20 7 12.1 

R21 7 15.7 

R1 !(f 19.3 

R7 10 Z2 ..1 

Rl4 10 26.0 

IUS 12 -1:.§.2 

R6 13.5 17.5 

R3 15 30.6 

R4 15 33.2 

R5 IS 34.2 

Rl{) 2U' 48.3' 
4L3_Rll 20, 

R1.3, 20 55.5 

Rl2 21.5 65.8 

R18 25 55.7 

R19 25 64.3 

R22 25 56.7 

R23 25 54.2 
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Evaluation of K* and E in this reparameterized- form minimizes 

the interaction between A and E which makes the standard 

Arrhenius equation a very difficult non-linear expression 

to fit (Himmelblau, 1970). The log transformation used for 

linearization produced the following simplified equation: 

ln K = -: (~ 	 (18) 

or y=ax+b 	 (19) 

a = -E/R 


b = ln K* 


The results from this analysis for the RBC are shown 

in Figure 20. An F test at a=95% using the model and residual 

-sums- o£ squares- aLong with- the- pure- error estimate=--oht.a-.ine-d 

from repeat runs indicated no lack of fit. Between. lDo-C and. 

2.a.:0 c, the' o
10

_fGl! -t.hi:& 15¥S.tem waa found ta_. be- 2 .. 36__.. 

A similar analysis was undertaken for data that was 

obtained from the two stage activated sludge process (Plant 

B). The results are directly comparable to those of the 

RBC because of the following: 

1. 	 The same raw feed was used for both plants. 

2. 	 The majority of the experimental runs for the 
two systems were._ conducted simultanebus ly and 
at similar temperatures. 

3. 	 Rate determinations were all based on 24 hour 
influent and effluent composite samples. 
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FIGURE 20 
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4. 	 Only runs from plant B in which the sludge ages 
were between 6 and 8 days were used for comparison 
with the RBC. 

Figure 21 shows the rates obtained for the activated 

sludge unit along with the fitted Arrhenius constants. Once 

again, analysis of variance showed no lack of fit. The o10 

for this system between 10°C and 20°C was found to be 3.42. 

A graphical comparison of the temperature sensitivities of 

the two nitrifying processes can be seen in Figur·e 22. The 

results show that the variation with temperature in the 

rate of nitrification is less in the RBC than in the two 

stage activated sludge plant. To a confidence level of 95% 

the RBC activation energy is smaller than that of the 

activated sludge system. 

Before the nitrification results of this study are 

compared to the results of other nitrification research, it 

must be remembered that the RBC and Plant B provided simul­

taneous BOD removal and nitrification. Most pilot plant 

nitrification work published to date reports on the rate of 

nitrification observed for wastewaters which had already 

been treated for BOD removal. The nitrification rates 

observed in this research might well be expected to be some­

what lower than rates reported elsewhere simply because 

there was undoubtedly competion for space within the disc 

film~ between the nitrifying bacteria and the heterotrophs. 

Several TKN removal rates for the RBC were calculated 

using the fitted Arrhenius expression. These are shown in 
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FIGURE 21 · 
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FIGURE 22 

ACTIVATED SLUDGE VERSUS RBC NITRIFICATION 

TEMPERATURE DEPENDENCY 

0-0 
0 0 

... """' 
!cc!cc 
w--UJ 

~~ cc-a: 5.0: 
zz oo 
~~ 
()0u:u:a: a: ...... 
z z 1.0 

-
MODEL K=A e-E/RT 

ABC: E~14200-±224U-EALJMOLE 
ACTIVATED 
SLUDGE: E =20260 ± 3120 CAL/MOLE 

ARRHENIUS TEMPERATURE 

DEPENDENCY OF TWO 

STAGE ACTIVATED: ~SLUDGE 


·SYSTEM WITH; INTERMEDJATE · 
·CLARIFICATION 
(7 DAY SLUDGE AGE) 

RBC ARRHENIUS 
TEMPERATURE 
DEPENDENCY 

0+-----~----~----------------~----
0 5 10 15 20 25 


TEMPERATURE , °C 


-91­



Table 9 along with similar rates calculated from data presented 

by other researchers. Results presented by Antonie (1974B) 

Torpey (1972) and Pretorius (1974) presumably represent 

the upper limit for nitrification rates since their research 

was conducted with wastewater which was previously treated 

for BOD. A review of the operating data which was cited by 

Ahlberg and Kwong (1974) for various municipal RBC plants 

tends to substantiate this since the higher ammonia removals 

generally seemed to occur in systems with low BOD loadings. 

Only a part of the data included in Ahlberg and Kwong's 

report is presented in Table 9. 

Heat Transfer Characteristics 

Early in the research programme, it was recognized 

that the RBC was an efficient heat transfer unit in that it 

was impossible to maintain operating temperatures below 

10 to 15°C when the ambient air temperature was above 20°C. 

Insulation placed around the sides and on the.bottom of the 

unit had no noticeable effect. Only after the hood and air 

conditioner were installed could the wastewater be kept at 

the lower temperatures. The heat transfer properties of RBC's 

are very important to understand when consideration is being 

given to their use in cold climates. Consequently, an attempt 

was made to determine an-approximate heat transfer coefficient 

for the RBC·using the following model: 

Q = K•A•AT (20) 
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TABLE 9 

RBC NITRIFICATION RATES 

WORK TEMPERATURE RATE NOTES 
oc mg/m2hr #/Day 1000 Ft2 

THIS STUDY 	 25 65.4 .32 1. Simultaneous 
15 28.6 .14 BOD + TKN 

7 14.0 	 .07 removal 

PRETORIUS 25 66.7 .33 1. Treatment of 
(1974) 15 54.6 .27 secondary effluent 

10 47.9 .24 2. Disc peripheral 
velocity at 29 ft/min • 

TORPEY et al 16-26 68 	 • 34 1. Most of the sewage BOD 
(1972) 	 was removed in RBC vpits 

prior to the units in 
which nitrification was 
measured. 

2. 	Nitrification defined 
as N03-N Formation 

.ANTONIE )15 a) 40 .20 1. Antonie proposes an 
(1974)(B) b) 120 .60 NHt cone. dependency 

on the removal rate. 
a) effluent ~-N at 2.0 mg/ 
b) effluent 4-N at 10.0 " 
2. 	Treatment of secondary 

effluent 

* KAPPELROEDEK 24 .12 1. Simultaneous BOD + 
W.GERM. NI¢ removal 

2. 	Disc peripheral velo­
city at 36 ft/min 

* SP.ALT 24 .12 1. Simultaneous BOD + 
W.GERM. NH4 removal 

2. 	Disc peripheral velocity 
at 31 ft/min 

* JAMAICA WPCP 18 .09 1. Simultaneous BOD + TKN 
NEW YORK removal 

2. 	Disc peripheral velocity 
at 94 ft/min 

* Rates calculated from data cited by 

Ahlberg and Kwong (1974). 
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where Q = heat flux into sewage kcal/hr 

K = transfer coefficient 

~T = difference between average sewage tem­
perature and-the ambient air temperature
in oc 

- .. .._::..- ..--'- ­
A = total disc surface area. 

In the above expression, the heat ·flux was estimated 

by taking the difference between the influent and effluent 

wastewater temperature and.multiplying this by the flow rate 

and the wastewater specific heat ( 1 kcal/kilogram/°C).. To 

determine the average dr±v±rrg force, air temperatures- were 

recorded at three locations within the hood and liquid 

temperatures at four locations~ These were then averaged. 

Since the proposed model does not include a term to account 

for the varying effects of evaporative cooling, the heat 

balances conducted on ~ RBC were only done when the air 

conditione-r cooling unit was- on. This- tended to saturate 

the air above the discs in, -the RBC thus m.inimi zing aii¥ 

driving force that would cause evaporation. Another factor 

affecting the efficiency of heat transfer is the speed of 
I 

! 

the rotating discs relative to the air. This was kept 

constant at all times since the rotation of the discs was 

always 13 rpm and the low speed fan of the air conditioner 

was always used. Nevertheless, it is probable that the forced 

convection of air in the hood from the fan caused transfer 

efficiency in the unit to be increased to a level somewhat 

higher than normal. 
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The results of twenty heat balances which met the con­

ditions mentioned above are plotted in Figure 23. Linear 

regression analysis of the data shows a high correlation 

between the flux and drivi~g force indicating that the model 

proposed has considerable merit. The constant term of -2.1 

2kcal/hr m could be explained perhaps by small cooling 

effects caused by evaporation since it was unlikely that all 

evaporation was eliminated. The heat transfer coefficient 

0calculated by regression was 2.1 kcal/ffi~ hr c. If this is 

·a valid approximation of the actual heat transfer capabilities 

o£ such units, col-d- weather operati-on cGuJ.d .conceivabl;_y. r-esult 

in severe icing problems~ At the very least, sewage tempe­

ratures -eould be reduced-- to such-low values_ that the effi­

ciency of the biological process would be very small. This 

is particularly true if long detention times are used such 

aswouJ.d be necessary for nitrification.. Using the transfer 

coeff-icient calculated here and a similar~BC, it can. be. 

-shown that an- ambient temperature of 0°F (:~17. 8°C). would 

cool raw feed from 8.5°C to the freezing point given a one 

hour detention time. Figure 24 is presented to indicate the 

expected drop in sewage temperatures per hour of hydraulic 

detention for various temperature driving forces. RBC's 

with similar volume to surface ~atio's (in this case 5.5 l/m2 ) 

could be expected to behave in a similar fashion. 

Many Rotating Biological Contactors are presently in 

use with only hoods to protec~ the discs from the elements. 

Existing units, however, are generally located in areas that 

do not experience long periods of severe cold. The economics 
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FIGURE 23 
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FIGURE 24 

HEAT TRANSFER IN THE ABC 
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of RBC use compared to activated sludge treatment in such 

regions as western and northern Canada may be significantly 

hindered should it be necessary to provide semi-heated 

enclosures for this type of system during winter operation. 

Little published information is available on the heat losses 

experienced by the standard activated sludge process. Ex­

perience to date, however, has shown that this form of 

treatment can operate relatively efficiently in even the 

coldest of climates. 

Rate and heat transfer calculations and methods of 

data analysis for this section are included in Appen~ix E. 

Computer programmes for calculating confidence limits and 

providing linear regression are shown in Appendix C. 

Denitrification 


Column Flow Characteristics: 


A series of tracer studies was run on each of the 

packed columns in order to gain information on the degree of 

short circuiting, the changing nature of the flow pattern 

as a result of solids a·ccumulation and the effects of back­

washing. None of this information could be obtained from 

visual examination as the PVC used in the column construction 

was not transparent. Furthermore, solids buildup in the 

reactors were not characterized by increases in operating, 

pressures. Pressure gauges located at two positions on each 

column never registered any greater value than could be 

accounted for by the static head. This continued over a six 
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month operational period. Although the lack of pressure 

buildup was a definite operational advantage compared to the 

pressure problems recorded from other denitrification studies 

in which smaller packing media was used (English 1974, 

Sutton, 1973), it was difficult to determine when and if 

backwashing was required. 

Figure 25 contains the results of three tracer studies 

run on column Fl. During the first day of operation when 

growth on the packing was minimal the hy~raulic pattern 

approached that of p~ug flow and little or no short circuit­

ing was present. This rapidly changed as the 14-th- and 24th 

days of continuous- operation were reached. Dye_ studies after 

one month of runninq _:te~~J;arge.:,-Stayn~t -zones. This is 

more typical of conventional rock media trickling filters. 

Therefore, not only does the average detention time in the 

eobmm decrease but aLso:- the nature o£_ tha £low changes-. 

Thi-s is bound to aff-ect the efficiency o£ nitrate removal. 

Sindlar results were obtained from studi-es- conducted on 

column F2. 

After the first 73 days of uninterrupted running,dye 

studies indicated that stagnant zones accounted for about 65 

percent of the volumes of each column. This meant that the 

average contact time between sewage and column packing was 

only 35 percent of the theoretical packed bed detention time 

(e.g. columns filled with packing but with no growth). At 

this point, backwashing was attempted. Tracer studies run 

subsequent to the backwashings showed that even high backwash 
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FIGURE 2·51 

COLUMN F1 FLOW CHARACTERIZATION BY DYE TRACER 
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flows for extended periods of time had little effect on the 

time of the dye peak and in particular the amount of dead 

space. Figure 26 shows two tracer studies, one run befo~e 

and the other run after backwashing. Even a rate of 13 

2 2Igal/ft min (620 l/m min) ov~r a period of 16 hours had 

little effect. This would indicate that columns containing 

media similar to the 1 inch and 2 inch rings used in this 

study cannot be effectively backwashed without expanding the 

bed. Bed expansion for this type of media would require an 

impractical rate-and qu~ti±y of-backwash water. 

Figure Xl shows the actual column detention times as 

estimated· over the- entire experimental program from the 

tracer response results. It would appear from the results 

of the last two studies that a final leveling off in actual 

detention time does not occur until about one tenth of the 

theoretical value is· ·reached.. 

Appendix F describes- the -procedures used for and lists 

the- r.esults o£ the. ·tra.ce.r s.tua.ies. 

Nitrogen Balances: 

A series of nitrogen balances were attempted for each 

column by measuring NH4-N, N02-N, N03-N, soluble and sus­

pended organic nitrogen and dissolved plus gaseous N 2 • Pro­

cedures followed and the results are in Appendix D. Averaging 

the data from four consecutive days in which balances were 

attempted for F2 indicated a net loss of 19 percent of the 

system's nitrogen between the influent and effluent. A 
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FIGURE-26~ 
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FIGURE 27 
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similar averaging of three sets of data for Fl showed a loss 

of 15 percent. These values represent a loss of 6 to 7 mg/t 

of nitrogen for the columns. Some of this apparent discrepancy 

between the nitrogen entering and leavinC] the columns can be 

explained by the accumulation of organic nitrogen in the 

system. A number of separate processes could have contributed 

to this buildup. These include: 

1. 	 production of bacteria through assimilatory 
denitrification, 

2. 	 production of methane bacteria from methanol 
(significant quantities of methane were found 
in all gas an~lyses conducted, 

3. 	 trapping of solids present in the feed, and 

4. 	 production of bacteria through aerobic 
respiration which was permitted by the 
presence of dissolved oxygen in the feed. 

Calculations involving the theoretical accumulation 

of nitrogen through biomass production within the columns 

show that a maximum of 2 to 3 mg/t of the previously mentioned 

nitrogen discrepancy could be accounted for. These calcula­

tions, however, do not include the possibility of luxury 

uptake of nitrogen by the micro-organisms as the standard 

empirical formula of c was employed. In addition,5a7No 2 

some experimental error was inevitable in conducting these 

balances, particularly in. the determination of gas flows. 

It is possible that the error associated with the gas 

rate measurements was as high as 20 percent. This was 

largely due to the sporadic and widely varying nature of 
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gas evolution that was al~ys observed even during reasonably 

steady state feed conditions. An error of this magnitude for 

any given balance could also account for ro~ghly 3 mg/1 of 

nitrogen. 

Sutton (1973) using a similar method for nitrogen 

balances for his packed bed denitrification columns obtained 

results which were not much different than those reported 

here. Sutton found that his best balances occurred when 

the column operating temperatures were low (5-10°C} at which 

~time=- the qua.n±ity- of- n±±J:ogen~ gas:: ilL the- e-ffluent r-epresented 

only a~ ~pi-e _percent o£ the total nitrogen: present..._ The..: 

lia:1.ances· attempted by s-utton at 1#c- ancL 2£% all. indicated· 

an apparent nitrogen loss of l~ to 15%. Under these con­

ditions the evolved nitrogen gas was about 5 to 10% of the 

total nitrogen input. The balances attempted in the current 

study were"" dona at 20°c· and= the- gaseous: ni-trogen- iir_ t1ie.: 
._ 

ni±:r.ogen- enter-ing the=- rea~r&;. It- wou1d" appear- theD:'.,- that­

difficulty in conducting successful nitrogen balances on 


packed column reactors increases as the relative importance 


of the nitrogen gas evolved in9reases. Perhaps better methods 


of gas metering must be found before better results can be 


expected. 
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Nitrate and Nitrite .Removal Rates: 

The data from the denitrification experimental runs 

are-plotted.in Figures 28 through 33. Each graph shows the 

nitrate plus nitrite nitrogen profile through the columns 

for a given run. The analytical results which displayed 

erratic behaviour and showed no particular pattern have not 

been included in these figures. Of the data that does follow 

a recognizable profile most can be adequately described by 

a linear model. From a total of 34 separate runs, only two 

can be said to exhibit distinctly nonlinear behavior. 

Several other profiles were fitted with a constant slope 

although some indication of curvature could be inferred. 

It would seem, therefore, that the apparent nitrate 

plus nitrite removal rate in the columns can be described by 

a model that is zero order with respect to concentration. 

The term "apparent rate" is used here to emphasize that the 

observed nitrate removals were influenced by the flow patterns 

within the columns as well as by the kinetic response of 

bacterial cells. In reactors such as packed columns, it is 

generally impractical to separate these two effects during 

data analysis. A large part of this difficulty is caused 

by the fact that columns are never in true steady state as 

solids are produced and retained continuously. Nor are the 

flows and solids levels homogenous within each unit as 

heavier biomass accumulations are usually found at lower 

levels. 

For each run in which a constant removal rate was 
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FIGURE 31 
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FIGURE 32 
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determined, an estimate was also made of the actual hydraulic 

detention time in the system. This was done with the aid of 

Figure 27. Given this information, denitrification rates 

were calculated and were expressed as mg N0 -N + N02-N3

removed per liter of theoretical reactor void volume per 

hour of contact. These are listed in Table 10. 

Effects of Packing Surface: 

Both columns were started at the same time and in a 

similar manner. A common feed source was used to supply 

influent to the units at the same temperature and flow. 

Sampling for rate determinations was done simultaneously on 

each system. During the first 94 days of operation, before 

Fl was cleaned, the amount of "dead"space in the columns 

were roughly the same as can be seen from Figure 27. The 

size of packing media, therefore, constituted the only 

significant difference between the columns during this 

period. Results from ten paired runs conducted in this 

section of the research are listed in Table 11. The rates 

indicated come directly from the slopes of the respective 

plots in Figures 28 to 33 and these are expressed as mg N03 -N 

+ N02-N/l m. The ratio of the available surface area in 

Column Fl to that in Column F2 is 2:1. Consequently, the 

ratio of nitrate removal should also be 2:1 if the removal 

is directly proportional to the available packing area. This 

is not the case. In fact, most of the paired runs give ratios 

close to 1 indicating a complete lack of surface area depen­

dency. Only the first two sets of runs seem to support the 
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TABLE 10 • COLUMN DENITRIFICATION RATES: 


NITRATE PLUS NITRITE NITROGEN REMOVED PER LITER OF REACTOR 


VOID VOLUME PER HOUR 


TEMPERATURE RUN 	 RATE 

F1 F2 

mg N03-N + N02.-N/l-·hr mg N0 3-N + N02-N/1·hr 
5°C C2 29.5 22.0 

C3 32.5 22.0 

C4 10.5 10.0 

C16. 27.0 61.-0 

C17 38.0 28.5 

10°C 	 C15 68.0 161 

15°C 	 C1 33.0 


cs 23.5 25.0 


C10 50.5 48.5 


21°C 	 C6 39.0 39.0 


C7 42.0 41.8 


C8 52.8 


C9 53.0 58.5 


C14 57.0 120 


25°C 	 C12 201 144 


C18 263 


C19 254 
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TABLE 11. EFFECTS OF PACKING SURFACE: 

RATES EXPRESSED AS N03-N + N02 -N REMOVED PER 

LITER OF VOID VOLUME PER HOUR 

AVAILABLE SURFACE AREA: 	 COLUMN fl 
COLUMN F2 

RUN TEMPERATURE N03-N ~ N02-N REMOVAL RATES RATE Fl 
oc RATE F2Fl F2 

mg/l•m mg/l·m 

C2 5 10.3 6.2 1.64 

C3 5 10.3 6.00 1. 72 

C4 5 3.3 2.6 1.26 

C5 15 6.4 6.0 1.07 

C6 21 9.4 9.6 .98 

C7 21 8.5 8.3 1.02 

C9 21 10.2 10.5 .97 

ClO 15 7.4 8.1 .91 

Cl2 25 18.0 17.5 1.03 

AVERAGE RATIO 	 1.17 

variance= .091; df = 8; 	tv,« = 1.86 

confidence limits: 1.17 + - .19 

(1 tailed t-test) 


-115­



hypothesis that surface area is significant. It is possible 

that this may be the case when growth and solids accumulation 

in the columns is small. As has already been mentioned, 

however, even vigorous backwashing is unable to maintain this 

condition. 

The nitrate plus nitrite removal rates in Table 11 

do not include the effects of small differences in the actual 

hydraulic residence time between Fl and F2. Table 12 pre­

sents a similar analysis of the same data except that the 

denitrification rates were calculated from Table 10. Here 

the actual hydraulic detentions have been considered. Results 

using this procedure also indicate that for this system, 

surface area has little or no effect. 

Temperature Effects 

The denitrification rate data from Table 10 is plotted 

in Figure 34. Unfortunately, the large degree of variation 

in the data plus the presence of a few unexpectedly high 

removal rates makes it very difficult to draw definite con­

clusions concerning temperature sensitivity.· The Arrhenius 

Model does not fit the data adequately. No explanation was 

found that could account for the very high denitrifying rates 

calculated for the columns at 10 degrees. The runs at 25 

degrees, however, were done when the columns were more 

heavily plugged with solids. Since this means that the 

actual hydraulic detention times were small (between 10% and 

20% of the theoretical value) even a relatively small change 

in nitrate concentration between the influent and effluent 
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TABLE 12. EFFECT OF PACKING SURFACE: 

INCLUDING EFFECTS OF ACTUAL DETENTION TIME: 

RATES EXPRESSED AS N03-N + N02-N REMOVAL PER LITER 

OF REACTOR VOID VOLUME PER HOUR 

RUN 

Fl F2 

RATE Fl 
RATE F2 

mg/l·hr- ~g/l·hr 

C2 5 29_.5 22..~0 1.34 

C3 5 32.5 22.0 1.4ff 

C4 5 10.5 10.0 1.05 

C5 15 23.5 25.0 .94 

C6 21 39.0 39.0 1.00 

GT 21 42.0 41.8 1.00 

C9 21 53.0 58.5 .91 

ClQ, 15· 50...5 48.5. ~L.DA-

Cl2 25 201 144 1.40 

AVERAGE 1.13 

variance= .047; df - 8; t ,« = 1.86 
" 

confidence limits: 1.13 +- .14 

(1 tailed t-test) 
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FIGURE 34 
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could result in very high calculated denitrification rates. 

Most researchers in the past have used theoretical detention 

times, either empty bed or packed bed, when expressing bio­

logical reaction rates in packed columns. Therefore, to 

serve as a comparison to Figure 34, the denitrification rates 

were recalculated using the theoretical packed bed residence 

time. The results are shown in Figure 35. Although a large 

degree of scatter is still present, there does seem to be a 

recognizable pattern of increased reaction rate with in­

creased- temperature if- the- 10C?c runs are: ignored. It_ is 

also_ eyident by a comparison o£ Figures . 3,4, and- 35 that use 

of the_ estimated_: true:... residence time to partially: compensate 

for- the non steady state- nature-- o£ column operation does 

nothing to reduce the variation of the data as would be 

expected. If anything, t~e variation seems to be increased. 

Thi-s indicates_ that f.actor.fL in. addition to_ de.:tention time 

and, temperature-, affeet. the=: columns-.J · den::i.tri£yinq::- ef£ic:iencies-.:o. _ 

It weula- be- naturaLto- suspect_ a- concentration dependency, 

however, upon careful examination of the data, no such cor­

relation was found. 

Due to the inconclusiveness·of the column results, 

no attempt was made to compare the temperature sensitivity 

of the stirred tank denitrification system with that of the 

column reactors. 
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General Performance: 

Altho~gh nitrate removal from the columns proved to 

be somewhat erratic and unpredictable because of the unsteady 

state nature of the process, the system, nevertheless, did 

denitrify significant quantities of nitrate and nitrite at 

all temperature levels and with minimum maintenance. In 

order to provide a clearer perspective of the denitrifying 

capabilities of the two column reactors used in this study, 

it is possible to compare the current results with results 

quoted by Sutton (1973). Sutton's denitrification columns 

uti:lized--- a--:. feett: that-c- was---= very simi-lar to- the feed- use de~ for 

Fl and- F2. Table .13- shows the:.separata_ resultS-- for-.F~ and 

F2: as_ well, as- -results~; from:- Sutton-! s:: colnmn S' which:were._ packed_ 

with .375 inch (.95· em) and .5 inch (1.27 em) Intalox Saddles. 

Nitrate removal rates are'all expressed in terms of grams of 

No--- :-N p-ius- N0 -N removed~ per:- cubi-c· meter--of pack±ng- per hOUL.
3 2

This -was- done= s-o that- a-ll. of the-- ra-tec-- data=-- would be expre-ssed 

in· comparable unitos-. ThiS'-' a1-se p~ovides-- a_ view o-f:_ the.: nvolu­

mettic" efficiency of these column reactors. The results 

listed in Table 13 show quite clearly that the two columns 

of this study with their larger packing media were over twice 

as efficient "volumetrically" than were Sutton's column 

reactors. 

Of major interest for municipal denitrifying systems 

is the question of whether or not low enough effluent nitrate 

plus nitrite concentrations can be attained. In this study, 

it was noticed that effluent levels of nitrate plus nitrite 
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TABLE 13 

NITRATE PLUS NITRITE REMOVAL RATE COMPARISON 

RATES EXPRESSED AS GRAMS OF NOg-N + N02-N REMOVED 

PER CUBIC METER OF PACKING PER HOUR.AVERAGE RATES FOR 

EACH TEMPERATURE USED 

TEMPERATURE THIS WORK 

1 iil.~ p_all 

RinM 

gm/~r 

2- ia.Pall 
lllilgs~ 

~m3•hr-

-s­

10 

15 

20 

25 

1&.& 

4L1r 

18.5 

29.4 

35_..9 

-~2· 

Z6'.8 

14.8 

21.6 

39.8 

LD_Alll?NG­

SUTTON (1973) 

.375. in •5 in 
IhtaTox s-aa:ales Inta1ox Saddles 

.T.1 ~.0 

6". 6' 5.3 

5.1 4.0 

14.4 11.4 

16.6 13.2 

' 

3: 1_,----1~ g_all_£t 2 min 
1'5''1·, T6 l/m2 min 
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nitrogen were rarely if ever below 1.5 mg/1 even when influent 

concentrations were low. This could be explained by a system 

that exhibited significant bypass flow. In such processes, 

complete treatment is impossible. For instance, if 10 per~ent 

of a particular feed containing 20 mg N03-N/l bypasses the 

biologically active· zones in a reactor, there will always be 

a minimum of 10 percent of the initial concentration or 2 mg 

N03-N/l in the effluent. This will always be the case no 

matter how rapidly-the bacteria are able to denitrify. It 

has::. al.read¥- been:. shown-. that:- severe:..: short:: circui±.iru:J ,occurred 

in~.., the= co:lumns= an:d"=- it:- is=-reasonabJ.e-:.to hypothesize- that~ the, 

equi...val.ent of partial. bypass- fl.ow ·was- affe·cti.ng-removar effi­

ciencies~ If· this were- the· case., anaerobi.c- col.llliiiiS..=· of:- the: 

nature used in this· study could never be expected to compete 

with stirred tanks for municipal wastewater denitrification 

since .there·" would--:alway~L. be~. sig~:ifi-can.t-nitrate_ residual.s- _ 

Applications'. for.- col.u:mnsF:IOa.}T'• be= found:; . ~ . asos ::coughing:;o 

processesc- fOli" high:" streng.w:ni.tra:te· wastes: ·when e££luent con~· 

centrations are not as important. 
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CONCLUSIONS 

1. 	 The Rotating Biological Contactor is a simple, reliable 

and effective system,under all temperature conditions 

studied for, BOD removal and nitrification with municipal5 

wastewater. 

2. 	 The fact that nitrification in the RBC was shown to be 

less temperature dependent than nitrification in a two 

stage activated sludge process provides an important 

advantage for the RBC when consideration is being given 

to the design of treatment facilities for areas in which 

sewage temperatures exhibit large annual fluctuations. 

3. 	 In cold climates, sewage cooling as a result of heat 

transfer between the RBC disc surfaces and the atmosphere 

could significantly reduce biological activity and may 

even cause unit icing problems. To minimize this problem 

covers should be placed over all units and in some extreme 

cases, the desirability of installing the RBC's in a 

partially heated building should be evaluated. 

4. 	 Denitrification of municipal waste water using columns 

with media similar to the packings used in this study is 

not as reliable as the stirred tank process for the 
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4. 	 following reasons: 

a) 	Consistent nitrate removal efficiencies cannot be 

maintained since continuous solids accumulations and 

increased short circuiting prohibits the establish­

ment of a steady state operation in the columns. 

b) 	 Conventional backwashing is not effective and even 

if it were, it would be difficult to determine when 

backwashings were necessary. 

c) 	 Snort, circuiting and the- likelihood--of some by-Pass 

floW-,makes-~i t ~almost ~imposs:bbl.e-~.to~ach±eve~effiuen:t­

nitrate concentrations below 1.5-2.0 mg/1 as N0 3-N. 

5.- The -use of actual hydraulic·'residence times for-·calcu~ 

lating-=reacti-on__rates ··in packed columns=-seems: ·no_ more 

adequate dn provid;i;ng-cmeaningflil~ characterizationc: o£ 

the denitrification process than when theoretical packed 

bed residence times are used. 

6. 	 Although denitrifying efficiencies varied somewhat 

unpredictably in the columns, the two units did remove 

significant quantities of nitrate from the wa-stewater 

at all temperature. In fact, because the nitrate 

removals were generally high in terms of N03-N removed 

per volume of packing per time, these types of columns 

may be suitable for treating higher strength nitrate 
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6. 	 wastes as a roughing process where effluent nitrate 

concentrations may not be as i-mportant as- the total 

mass of nitrate removed. 
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RECOMMENDATIONS 

1. 	 An attempt should be made to determine conclusively 

whether or not simultaneous nitrification-denitrifi ­

cation occurs ip the films of the RBC. 

2. 	 An RBC system modified such that the disc surfaces 

remaj.n cmnplet~y; ~g:e4 at c:a.IT tiznes., should' -be­

invesligated' far deni'trifi:cation effecti.veness-. 

3- Further work shoul::cl be initiated- to inv.e-stigai:e heat 

transfer from RBC's during cold weather. This should 

include a survey of the operations of existing pilot 

and full scal-a· system.a. during co:l-d weather as welo1 as 

re-search· t-o di-rectl·y-- compar& heat transf-er from arr 

acti37ate.d- sludge plant:- ±n-..co--Id weather-wi:tli heat 

transfer from an RBC. 

4. 	 Any future pilot plant denitrification studies for 

municipal wastewater with packed columns should be 

directed toward systems which have shown significant 

promise such as with the fluidized bed process of Jeris 

and Flood {1974). 
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5. 	 A number of runs should be conducted with the RBC 

under conditions such that effluent soluble TKN is 

varied between 0 mg/1 and 10 mg/1 in order to gain more 

data concerning the possibility of a concentration 

dependency on the rate of nitrification. 
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ABBREVIATIONS AND SYMBOLS 


RBC 

Fl 

F2 

CSTR 

hr 

RPM. 

min 

mg 

#/day-1000 ft2

IGPD 

MLVS& 

mg/R. 

cal/mole 

kcal/mole 

oc 

OF 

Imp gal 

BTU 

3gm/m hr 

: 

: 

: 

: 

: 

: 

: 

Rotating Biol~gical Contactor 

packed column containing 1° polypropylene 
Norton Poll Rings · 

packed column containing 2° polypropylene 
Norton Poll Rings 

continuous stirred tank reactor 

liter 

hour 

meter, square meter 

revolntiDDs-- per minute 

: 	 minute 

: miTligram 

: pounds per day per thousand square feet 

: ImperiaL gallons per day 

:_ 	mixed l..~uo£- va:l.atil-e- ~uspended sulids in 
-mi;JcJi=qrams-per.. l-i-ter 

: milligrams per liter 

: calories per gram mole 

: kilocalories per gram mole 

: degrees Centigrade 

: degrees Fahrenheit 

: 	 the sum of 

: Imperial gallons 

: 	 British thermal unit 

: grams per cubic meter per hour 
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mg/m-hr . :. 	 milligrams per meter of column he:Lght 
per hour 

BTU : 	 British Thermal Unit 
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REACTOR OPERATING DATA PLUS 

ANnmCAL~RESULTS_ 
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The abbreviations and symbols used in Appendix A can 

be summarized in four general sections. These are Column 

Operation, RBC Operation, Sample Designation and Analytical 

Results. 

Column Operation 

_.SOLIDS : suspen-ded: -solids .in. m..illi.grams- .per liter 

FLOW :. column feed: ..rate& in i:mperial qa11-ons- pe,.r 
minute· 

HACH NH3N : ammonia. N as dete-rmined by the portable HACH 
-method. and'-expressed :in -mi.:lligrams..:.per--1 iter 

HACH N03N 
N02N 

nitrate plus nitrite N as determined by the 
portable HACH method and expressed in milligrams 
per liter 

: feed. temperature ±n degree& -cent_~de--measu~ 
in Coo-ler 2: 

pH :. logari:thm. of. tha.rex::i:proca·l. hydra:gen~....i:imtcon·­
centrat:ion 

Cooler DO : the dissolved oxygen concentration in Cooler 2 
expressed in milligrams per liter 

Rotating Biological Contactor Operation 

ALK : 	 alkalinity expressed as milligrams of calcium 
carbonate per liter 

30 MIN SET : 	 volume in milliliters occupied by settled 
solids in a one liter IMHOFF cone after thirty 
minutes of settling 

TEMP : 	 temperature in degrees centigrade 

DO 	 dissolved oxygen in milligrams per liter 
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ATM TEMP : 	 average of three separate readings for the air. 
temperature above the rotating discs inside the 
RBC hood. Temperature is in· degrees centigrade 

: 	 any_numerical value followed immediately by a 
"c~ signifiedthat the analysis was done on a 
24 hour composite sample. All-~_composite samples 
refer to the RBC raw feed or the effluent 

Sample Designation 

IE : grab influent sample to the RBC 

EEl : g_rB.b- samp1a taken fr~QI[L_.the- first_ compartment 
after.:_ the~-Hed--- ±n· the.:.: RBC_ 

: . grab . sam.pcle tak-en-.~ the- second com.partment­
afl::er-th~ feed- in-: the- R:BC 

EE3 : grab sample taken from the third compartment 
in the RBC 

EE"4­ : grah sa.mp-.le~ taken -from the= fourth compartment 
in- the- RBC 

EED:R:_ 

RF-C : 24 hour composite feed sample to the RBC 

EEDR-C : 24 hour composite effluent sample from the 
RBC 

GAM : grab sample taken before noon 

GPM : grab sample taken in the afternoon 

IClBE : 	 grab sample influent to reactor Cl, column Fl, 
and column F2 before the addition of methanol. 
Samples were taken from cooler 2 
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IClAF grab sample influent to reactor Cl, column Fl 
and F2 after methanol addition 

IFl, IF2 : 	 grab samples of column influents taken from 
valves located on the feed lines just prior to 
the feed entering the reactors 

EFl-2, EF2-2: 	grab samples taken from the second ports from 
the bottom of Fl and F2 respectively 

EF.l-4, EF2-4: 	grab samples taken from the fourth ports from 
the bottom of Fl and F2 respectively 

EFl, EF2 : 	 final effluents from columns Fl and F2 

Analytical Results 

·s day biochemical oxygen demand in mg/ i 

COD chemical oxygen demand in mg/i 

TKN total kjeldahl nitrogen in mg/i 

TOC total soluble organic carbon in mg/i 

METH methanol in mg/i 

NH3N ammonia as nitrogen in mg/i 

N02N nitrite as nitrogen in mg/i 

N03N nitrate as nitrogen in mg/i 
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BIOOISC OPERATION 

--------- ­ --­ ------------------- ­

DATE SAMPLE 

lAY tiON 

SOL~OS FLOW ALK PH 3u 
t1IH 
-SET 

HACH 
Hef t• 

NH3N N03N 

TEMP DO ATM 
TEt1P 

THE BIODISC WAS FIRST STARTED UP I~ MID APRiL HOWEVER, FLOW THROUGH THE 
S¥STEtt \fAS 11!611 ALLOW!PfG LITTLE OR NO NITRIFICJITIOV• 

04 (•6 IE 
EEOR 

126C 
2276 -­

5.8 
- ­ -

B& a& IE 
EEDR 

't76G 
330C .182 

s.& 22•9 

10 06 IE 
E-Ei----­
EE2 
EE~ 
EE4 
EEOR 

------ ­

---1--80 

- ­

·-­

38.0 o.o 

1.~.-fi-j._~-=-----1--8 

8.2 
13.3 
14.8 
16·2 
17.£ 

3.8 27.0 
.... 7 
4.6 
... 9 
4.7 
- ­ -

1:1 l)G u; 
EE1 

EE3 

EEOR 

----332--­

268 .17J 

--·-- ­

1.a.c 

a._g 
10.8 
liaS 
12~3­

!3.9 

2-.?­
5.3 
;.; 
5.5 
5.2 

2&-::!L 

12 56 IE 232 234 25.0 1.2 9.2 21.4 
11 2 - - ­

EE2 11.9 
!:2:we 

E£4 13.1 5.7 

9.3 1.8 3 11. Q 

EE1 210C 11.3 5.9 
:-------- -------E-€-2- -- ­ 11.9 e.c 

EE3 12.5 5.9 
~----~E£~----------- ------ ­ 13.1 5.7 

EEOR 216 236 .185 21.5 11.C 
£Q2C ---" 

14· 06 IE 146 232 8 ._ D 5.5 22.0 
-----£E--.a.--------- ­ 10.5 Gw3 

EE2 11.Lt 6.8 
----~E~~----------­ 12.2 G.Lt 

E£4 12.7 6.4 
EEDR 114 -- ­

--1--7----4}6-'l£----32-2----3uo­
EE1 
EE2 
EE3 
EE4 
EEOR 166 202 .185 

------ ----14-.---u-[i-a--tJ~.1lo--~~~-G~~ 
g.e 5.2 

9.0 

1Q.2 !9.9 
10.5 s.8 
10.7 5.7 
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- -----

-- -- -

---- --- -

--

--

--- ------

---- -- ------ - --- --

' 

DATE 	 SAt-lPLE SOLIDS 

DAY MON 

18 (16 	 IE 21t() 230 

EE1 264C 

EE2 

EE3 
EE4 

EEDR 136 150 


198C 

19 (16 	 IE 128 128 


EE1 

EE2 

EE3 

EE4 
EEDR 	 156 160 

20 06 	IE 112 120 

EE1 186 

EE2 162 

E£3 	 1:08 
EE4 112 	 1-0.3 6.4­

BIODISC OPERATION 
----

FlOW All< PH 30 HAC~ TEMP DO ATM 
MIN N02N IEMP 
SET NH3N N03N 

9.!J 5.6 21.a 
-- -- -- 10.1 5.9 

10.7 5.6- - -- iiei 5.7 -
11.6 5.9 

.183 -- 6.0 -- .. -

. 
-- -- -- 8.7 5.6 23.5 

9.7 5.8-- -- -- tu.t 5.7 -
10.3 5.6 

-- -- -- 10.6 5.4 -

.178 6.0 
-

9.1 3.3 22.5 -- -- -- 9.3 s.z ·-
9-.7 6.z-

-- ----- -- -~- -- -- --'---1:1t.-:1 6.3. ~ -

-- --	 ·­--~.--s---- --	 ·- -­E£DR 104 1()2 .183 
21 06 IE 492 478 15.0 24.-0-­

!:EOR 126 I2S .19~· -- 5.5 14.5­

---rE~E---RE ·EXPERIENCED ·-tt1JSI OF 24.tn6- -A-Ne- PART--oF- 25/C6-e-THE--RAI£­
DAY MOVED TO WEDNESDAY AND FRIDAY THIS WEEK. 

-
24 06 EEOR .181 
!-5 06 Yl:: --- -- 1,.2 3.~ ­

( EE1 . 14.8 2. 9" ­

E£2 	 ttt.e 4.0 
-EE3 14-.3 5.-0 

EE4 -- -- ·-----'1_---t.t-.-i--5 • 4­
EEOR .182 16.C ­

STARTING 26/06 THE ATM TEMPERliTURE REFERS TO THE HOOO TEt'FERATURE. 
--~-- --~-~-· -	 - ­

26 06 	 IE 230 230 17.8 2.9 
-EE---J: 1.1Cv 17.0 4.5 

EE2 16.6 4.6 -· 	 - ...L.L.u 	 .&.II.Je.l. ~ 

EE4 	 15.8 5.2 
1.2-.-1)-­EEOR 236 	 250 .113-tr- ­

276C 

·------ ­Z1 Oo 	 IE 15.2 6. 4 -t--3----.--" 

___ ..,.EE1 	 15.1 5.5 
~~--	

- ., .,•~•u 

EE3 	 15.(! 5.7 - - ... ,..--	 4':1eu ... uL.L 

' 
-~---- -- -- -­28 fr-6--IE-----z zz-- 2-o4-- r-= ---- 14.8 2 .---s- -1:-4. J­

EE1 18GC 186 15.2 4.7 
Ef2 186 -- -- -- 15.2 4.5 ­
EE3 194 15.3 4.2 
E£4 -- ----1~ 4.0 
EEOR 20C 184 .178 7.5 

~34-6------- ----·---·-·· --- ---~- ~--- -~---- ---- ------ -- ­
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1 

BIODISC OPERATION 

DATE SAMPLE SOLIDS FLOW ALK PH 30 HACH TEHP 00 ATM 

DAY MON 	 SET NH3 N N03 N 


02 07 IE 21t 272 15.0 3.2 17.5 
EE1 Z8£t-C 15.1 4.1 
EE2 
EE3 

15.3 
iS•It 

4.3..., 
EEit 15.5 

--------~E~E~D~R~~1~4~~r-~1~1~8r--..~1~84----- ---~7=.~2--~77.~5--­

265C 
63 fl7 	 I 110. 13.6 


EE1 4.5 

EE2 r..5 

EE3 15.6 4.8 

EE4 15.8. 4·8 

EEDR 55. 


THE FEED WAS OFF FOR FOUR HOURS ON C4/07. 


OS 0:)7 ·IE- 344 376 	 13.6 4-.2 .14. 0 
--------~E~E~1--~2~&3C-------­ 13.6 s-.& 

EE2 6.0. 
EE 3 fu D 
EE4 13.6 . s .a 
EEDR "392 388 w188 16w9 

278C 
G 8 G 7 	 IE -14u8 OuO 6.1 &~7 1fh5 

EE1 8.2 6.9 
EE2 8.8 &.3 
EE3 9.2 &.3 

c;.~ i.i 
EEOR .1eu 	 . ·­

Q9 P7 	 If: 4w5 
-

'twS 
EE1 7.5 5.4 
EE2 ----eB.-2~-S--7 ·. 
EE3 e.a 5.6 

9.2 9.6 

--*--\t1- I~tEO------c2~4HC: 243-­
EE1 192C s.o 5.1 
EE2 -- -- · -->;9-.-u-I-7---5S>-ww~2:--­
EE3 1iJw4 5.2 

-- . --zi-dJ-..~7-...;;5.......-~:Q,____ 
EEOR 236 226 .183 9.5 

223C ----- --- --- ­
11 ~7 IE 119. 7.5 5.0 4.4 12.0 

Et:1 6.9 5.9 
EE2 7.E 5.7 
1:'£:3 a.l s.7 
EE4 e.1 5.7 

------~E~~o~R~~------­

I. €.-· ---2 8 4- .·--.Z &8--­
EEl .132C 5.7 3.& 12.J 
E£2 6.7 9.0 
EE3 7.3 5.4 
E~4 e.t s.z 
EED~ 1J8 166 .183 3.0 e.e 5.& 

1Grc ---- ----- ---- --- ­
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BIOOISC CPERATION 


DATE SAMPLE SOLIDS FLOW ,L K PH 30 · HACH TEMP DO ATM 
ruN N02N lt.HP 

AY MON SET. NH3N N03N 

ON JULY 12 IH~~EEO IORNEL AN ORNAGE COLOUR LAe ANALYSIS SHCWEO HIGH 
IRON 9 LEAO AND 
QUANrtTIES 

COPPER.THE METALS PRESENT WERE NOT THOUGHT TO BE IN TOXIC 

NO RATES WERE MEASURED FOR THE WEt.K OF 15707 10 19/07 

16 C7 IE 
EEDR 

55.0 
28.7 16.0 

17 07 IE 
EE1 
EE2 
EE3 
EE4 

13.3 
1tt.c: 
15.3 
15.7 
16.1 

2.5 
3.1 
3.7 
3.6 
4.2 

19 iJ7 IE 
EEl 
EE2 
EE3 
EEI.t 

13.6 2.2 15.0 
1:3 -._e - 3. 8" 
13~6- 5;0 
13.S_ 4.7 
1.3.4 4.lt 

STARTING 19/07 THE ATM TEMP RECCRCED FOR-THE HGOO IS THE AVERAGE OF 
1tt-A--st~RVENTS TA!ttN ·Ar- T""tfR"E£~-oc··llTIONSe--- -------­

22 L\7 	 IE 156 ---ee-_,.,..___. -- ·1 .-s-- -z·r-.-- ----;-q-. 3- -----3.-1 13 • 3 
EE1 1Lt.1 4.2 

13.8 4.3 
EE3 13.Lt 4.7­
EE 13.2 4.4 
EEDR 227 2D4 .172 

THE -uNIT TEMPERATURE WAS CHANGEC TO 2D DEGREES TUESDAYcMOIUtlNt;· HENCE -N-6--­
RAT~S 	WE~~ TA~E~ ~MTIL TH~RSC~Y. 

-- ------J.~ ---r.-4- 21. 3 
EE1 19.1 2.3 
EE2 1'.!.1 z..1 
EE3 18.9 3.0 

23 G7 IE 218 211 

EE4 ------ ---· -- 16.8 f.~ 

EEO~ 27~ 275 .187 79.9 7.65 1~.0 

24 t.7 IE 21l! 204 113.2 7.65 	 19.3 22.3 
1~.q 

EE2 	 19.4 
Ef3 	 1 E3. 4 
EE4 

~~3-r--2--"i3-f-s-- --'---e~2;1-.-=--14---'77-c.o-4E~s:;..-

~z~s......,urr:·7~I'~'~E~- ~;;----- -z-2-r- ------ -~-.-E-5 - ­	 ~~ 2.2-2:.7 
EE1 244C 332 19.8 3.0 
EEf zq6 1CE.8 2.5 
EE3 211£• 1<;.8 2.8 

-~11-C~~.--s----a--.-+1--

EEO~ zn 270 
-------3-Sc-6----------.-lM--- - . --·, - ---1-d .-5--­ --- --- ---- ­
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BIOOISC CPERATICN 
r--­
l:!A TE SAMPLE 

lAY MON 

SOLIDS FLOW ~LK PH 3u HACH 
ttl'• Nee!t 
SET- NH3N N03N 

TEMP co ATH 
TEt1P 

26 67 IE HC 16&----. 7.65 -- 20.2 2-.-1: 22.7 
EE1 20.4 3.0 
EC2 ea.e 2a7 
EE3 20.7 3.4 
EE4 20.7 3.2 
EEOR 33E 231 7.65 

29 07 IE 128 122 7. 6 19.7 2.6 23.0 
EE1 2tla3 2w9 
EE2 20.4 3.0 
EE3 2!J.4 a.a 
EE4 2a.6 3.4 
E£00:-----1-9 8 18-5-.-1-1~ -------?. 7 6.5 - ­ -

iHl e~ ;a; ~~9 22:5 '1-w.e -­ ~9.w9 2~.8 
E£1 
E~2 

2T2C 
- - ­

20 ·-1
zn.1 

EE3 20.1 
E;E;4 2.-lJ.• ! 
~EDR 227 220 .184 7.5 1.0.5 

2d4G ·-­ --· 
3! {17 ~~ 1&4 7. s 2:l.i:l 2.8 2!.3 

EE1 1~.6 4.9 
eE2 - ­ - ­ 19.4 5.2 
EE3 1~.2 5.3 

-- ­ :!:Q. Q !i.& 
EEOR 182 194 7.5 

HIX£0 LIQUOR I"N RAH REED HOST OF T-HE NIGHT 


02 08 

---·-

IE 
E;e;;t 
EE2 
EEJ 
EE4 
EEOR 

201 

267 

188 

3~5 .188 

- 7.65 

- ­

-----+ .7 !1.0 

20.0 4.6 23.3 
2Q.Q s.~ 

2o.e 6.3 
zo.o 5.5 
2J.O 5.7 

- ­ --

Gtl 6S ~~ 
EE1 
E~Z 
EE3 

EEO~ 

59tC 

617C .186 

zo.~ 

20.5 
2 iJ. ,, 
2J.c; 
ZJ.iJ 

2~··-~
4.1
'• .,, 
s.s 
5 • Ll 

07 fj8 IE 
E.E 
EE2 

--E.E3 
EE4 
EfCR 

382 

39£ 

442 

-~--- -- ­

4~2 ·* 69 

7.2 

- ­ ---· ­

7.2 16.5 

-­

- ­

23.2 3.9 22.5 
20.0 4.-3--- ,..
19.9 4.7 

--1<:.8 4.4--­
19.7 5.2 
-·-­-

._ 

oe ~a IE 94[. 9C!C 1.35 z~.4 2.1 22.:. 
EE1 20.1 3. 6 
~ ------ 2:) • r, 4.2 
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BIODISC CPERATION 


DATE SAMPLE 

lAY HON 

SOLIDS FLOW AL K PH 30 
MIN 
SET 

HACH 
N02N 

NH3N N03~ 

TEHF 00 ATM 
IEHP 

EE3 
Et. 
EEOR 213 218 .178 7.45 38.0 7.5 

1 c:. 8 
l'ii. 7 

4.2 
4.3 

HEAVY SOLIDS WERE NOTICED IN THE RAW REED ON 08/08 


09 C8 	 IE 7.55 19.7 3.0 21.8 
EEl 20.2 4.1 .. 
EE2 zo.s 3.7 
EE3 2J.5 4.1 .-· --	 ·­
EE4 	 20.5 4.5 
EEDR .176 7.45 65. 

THE HYDRAULIC LOADING w~s ROUGHLY DOUBLED -oN 10/08 

1' 08 IE 
EE1 
EE:Z 
EE3 
EE4 
EEOR 

173 

181 143 .3?:7 

8.05 

-~ ---~- -- ­

7.8 5.5 .5 

20.:7 
21.2 . 
zt.e· 
22.0 
22.3 

z.s 24.3 
3e9 
3-.. 8 ---­
4.1 
4.9 

A LIME GREEN FEED E~TEREO TH£ PLA~T ON 12/08 FUR A HALF HOUR 

13 D8 IE 
EEl 
EE2 
1:1:'3 
Ef4 
EEOR 

176C 

192C 

----- ­

.349 

7.1 
-~--

7.55 

-
--- - ­

2u.9 3.1 24.5 
~i.-1 -tt. 2 

21.3 4.2 
21.6 3-.::Z 
21.8 4.4 

14- C8 IE' 
EEl 

EE3 
EE4 
EEDR .353 

6.:8­

7.15 11.0 

2.o-.-~~: .-:­
2D.4 4. J) ., 
z::..z 4.6 
19.9 4.7 

----1_~-e5----4e--4 -­ ~-

15 cs IE 
E:1 

125 
164C 

133 6.85 20.;; 
£6.9 

3.7 20.8 
4.6 

EE2 20.0 4.8 
EE3 1'E.9 5.2 
EE4 
EEOR 1~3 142 .349 1.3 4.5 -­ - ­

216C 
16 L8 IE 66.3 4.5 15.2 

f:~'"""'_c. .I. 

EE2 - ­ -- ­
c;.2 

10.J 
6.5 
&.8 

EE3 10.5 7.4 
E-E 11. ~--&--.-6-
EED~ .35& 12.5 

~20 :s 	IE 2:11 196 120.4 7.~5 7.8 4.6 15.0 
-~---·-- ·-- ­EE1 1920 6.6 &.7 

EE2 ~.3 7.2 
EE3 --~.a 7-n- ­
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'3IOOISC OPERATION 

------- ­

lATE SAMPLE 

y MON 

SOLIDS FLOW ALIC PH 30 
ttiN 
S.ET 

HACH 
146fN 

NH3N N03N 

TEP'F DO ATM 
TEttP 

EE4 10.3 7.0 
EEDR 1:-£6 15~.--3-62 1C1. 7.65----fr.C 

21 88 IE 
EE1 

221tC 
152 182 18GaG 7.1,5 e.~w 

9.1 
Gai 
7.Z 

15• e 

EE2 9.3 7.4 
EE3 9.8 7.3 
EE4 16.1 7.1 
EEO~ .317 9Z.8 7.55 6.~ 

22 1.18 IE 171 158 
EE1 2646 344 8.1 19.6 4•4 15.3 
EE2 
EE3-­

266 
C1i}-­

11.2 
11.6 

5.8 
&.3 

EEit 
EEBR 211t 238 a383 7.5 13.a -­

11.8 
i2•3 

6.1 
&a1 

271C 

THE HAC"H TEST INOICA=l£0- A RISE CF 2 Pf!M IN N03+f40 z- BETWEEN IN-F- -AND EFF 

MTXE9 liQUOR 9'TEREO TJ.4E SVSltfi ON E&-IB 8 

27 gs IE 27f 266 ---- ­ 5.'+ J.8 11--.--3­
EEl '+44C E.1 6.1 
~E;2 e.; G.5 
EE3 7.1 6.8 
&,if, 1-.7 fi.5 
EEOR 34-( 320 • 328 81.6C 7.5C 1...3.5. 

3G9C -- ­

SOME PROBlEMS IN MAINTAHHNG t C--Q}. STANT lOll FEEtr TEM-P~ATURE 

~i gg ~~ 

EE1 
~~2 

'• .,, 
S.2 
e.G 

;3,g 
7.0 
7-.Q 

ia.~ 

EE3 e.s 7.1 
~~4 1.1 7.4 
EEOR .321 31.0 • • 

.Q lt ,I, r;; a.~JG 
29 [.8 IE 

£Ei 
EE2 

72tC 30 8 
It iJ It 
3 8G 

114. 7.3 
-- ­

2.3 4.3 
;.; 
e.:J 

3.7 
7-.~ 

8.0 

9.8 

~€3 Lt!13 e.e 8.1 

zc C8 

EE4 
EEC~ 

IE 

3J2C 432 .333 ~·1·
1CE.6C 

1..'1. 
7.sc 

Z3.C 
7.0 8.0 

• • 
5.~1--1~ 

EE1 
EE2 

6.4 
e.1 

7.4 
8.3 

EE3 7.1 8.5 
EE4 
EEDR .347 16.0 

l.4 8,5 

04 '19 IE 19L 188 7. ( 27.1 1.6 24.5 
25.8 2./.t 
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BIOOISC OPERATION 


lATE SA~PLE SOLIDS FLOW ~L IC PH 30 HACH TEMP 00 AT 11 
AIN N02N IE.MP 

~y MON SET NH3N N03~ 

EE2 .,, 25.E 2.6 ,,} 

EE3 25.5 2.9 
EE4 '<· 25.5 2.9 

,, -~,.EEOR 	 .307 7.1 8.5 

05 J9 	IE 140.8 8.2 
EEOR 111·2 7.85 

06 09 IE 40CC 276 11.t6.9 7. 3 	 24.9 0.6 24.7 
.... 129.5C 7.4C 25.0 1·6 

EE2 25.0 2.5 
EE3 24.9 3.4 
EE4 
EEDR 3·88C 260 .314 123.4 7.3 a.o 

25.!) 3.2 

115.8C 7.3C 

TRE. FLOW WAS REDUCED BECAUSE It. was- FEARED- TH~T • N.O. NIJRrACA TIOl'J- WAS 
TAKING FLACE AT" 5 OEbftl':ES 
1u u9 IE 472C 13ft.6_ 7.4 	 26.1 2.6 

---...1'1:1. zc 1. rt-r-c-- --- ---	-~2~s~·.-s--~3~.1...-~EE! 
EE2 25.. 3. 3~0 

-------~~~s-.~3--~z~.,a~---

EE4 	 25.2 3.3 
------~~flofiR-~3~1r.4~c- 7 7 • 4 7. 3 --- 9 -.tr ­

75.5C 7.3C 
12 D 9 IE 384C --~1H!H1-.2C 7-.-zc-- --- ----z~--7 .."'!. 2 25.0 

EE1 25.1 2.3 
·­------~~~~~E~z~------------~ --------·---- --------------- z5 • ..;:, z.s 

EE3 25~J 3.1 
EE4 25.1 3.3 
EEDR 374C .175 tt1.ec 7.zc 

16 ~9 IE 12s.sc·7.ec 1'2-;B 
!!EO~ q;zee .185 st.ae T.sc 14.~ 

17 !.9 IE 
E~1 

EE2 
EE3 

--7. 5C -­
115.3C 

·­ ---------~---
17.5 
1e.s 
15.6 

--;,'3ee 

EEO~ 368C .185 79.1C 7.5C 

18 

:19 

:J9 

39 

IE 

~E2 

EE4 
EEOR 

IE 
EEl 

312C 

114.2C 

---+1+1·2. 1c 

7.4C 

1.-4e 

20.3 
16.8 
15.7 
14.4 
13.8 

20 .:. 
1E.7 

9.6 

EE3 	 14.5 
13.9 

EEO~ 	 .187 go.3C 7.4C 
--...:148=--· 
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BIOOISC OPERATION 


DATE SAMPLE SOLIOS FLOW ,ll< PH 30 HACf1 TEY.P [0 ATM 
Ptl14 N6Zt4 TErtP 

lAY MON SET NH3N N03N 

zc 09 IE 24.0 12.0 
ff1 
EE2 1S.IJ 

EE4 
EEDR .201 

16.4 

23 6'3 IE 122.~-e-6-C 19.1 
EEOR .155 95.9C 7.6C 

24 09 IE 
EEDR .295 

98.4C 
ea.1c 

7.4C 
7a5C 

1C:.S 
13.5 

25 99 IE­
EEOR 

132.16 7. 
97.9C 7.6C 

26 09 IE -113-.-ZC 1-.l+C 
-EEOR ec;-. ac- r. S"C=­

Q;J Ul ! € ,­

EEOR e-.s 


GS 1D I=: 
EEOR .155 

1C8.2C 
C:5.9C 

7.S 
8.9 

ill !i:l I~ 

EEOR .155 
1G7.9C 

8s.ac 
e.e 
a.~ 

18 10 IE 
EEOR .1&6 

2-1.0 
2:2.!1 

HIXEC LIQUOR ENTE'REO THE­ ~LAtH -fOR I' LONG PS:RI-0.0 DUJU.-~G NI-&Hl- OF OCT. 1:9_ 

29 ~g :te 
EC:OR .187 

~~;J.at; 

143.0C 
a5.a 
26.0 

06 11 IE 1E8.0C 25.:J 
ff(::J~ --4-3J 11S.!JG ~J.a 

-n~ 



At<ALYSIS 

SAMPLE UNFILTE~EC FILTERED 
DESIGNATION 

J/lY HON COD BOD TI<N coo BOll TOC NH3N ~(21\ t\03N TKN 

ANALYTICAL DATA FOR THE BIODISC 


TEMPERATURE CONTROL IN 

30 05IE GAM 183 
30 05EE1 GAM 
30 05EE2 GAM 
30 05EE3 GAM 
30 C5EE4 GAM 
30 D5EEOR GAM 125 

THE 

52 

34 

BICCISC WAS 

19.7 

7.5 

UNSATISF/lCTORY PRICR TC JUNE 15 

37 18 18.9 0.6 &.7 18.9 
12.0 1.8 18.2 12.0 

9.0 2.1 22.9 g.o 
5.7 2.E 28.4 5.7 
3.7 2.6 29.4 3.7 

27 6 

04 O&RF-C 310 
04 O&EEDR-C 

117 21.~ 

15.3 
83 32 34 19.1 0.3 3.1 19.1 
39 4 6.9 2.2 22.8 6.9 

06 
06 
06 
06 
06 
06 

06];£ GAM 
O&EE1 GAM 
06E£2 GllM 
06EE3 GAM 
06EE4 GAM 
tl6EEDR GAM 

29 25.2­
2-ll 22'.-tl 
1-9 20.2 
-1.5--16..3 
12 1-4.1 
15 138"6 

0 a:4­ 2.-7 2-5.-4­
1 •.9 1.6..1. 22.~_2.: 
2 •~E 26.4 2ha 
It ..z 35-.A 16:.:X 
_5._1 46.9'-14.6­
5.2 4:S .-8­ 1 ~rti 

06 
06 

06RF-C 
O&EEOR-C 

415 116 27.6 
1E.lt 

74 
42 

30 
6 

29 
12 

18.5 
11.4 

0.3 2.2 
2.6 24.4 

18.5 
11.4 

13 O&IE GPM 2_3 :ro.e 0.3 0.6 3l.t 
1-3 06EE1 GPH iB 27.:3 i.5 3.•6 Z..T. 4" 
13 C6EE2 GPM 13 24.9 2 e-1 8.7 25.4 
13 06EE3 Gf'M 13 20~& 2.9 s-.1- 2a.& 
13 C6EE4 GPM 12 18.2 3.3 1i) .2 18.2 
1:3 06£-EDR GPH 1:.2: 18•.7 u.&- -1_9.:.3,3:. " 

13 t&RF-C 342 116 27.6 74 30 29 1.8.5 0.3 2.2 18.5 
13 06EEOR-C 31.6 39 5 11 16.E 2.1 7.1 1E.6 

THE HOOD PLUS AIR CONDITIONER 
TEMPERATURE CONTROL 

WERE INSTALLED FOR THE PURPOSE OF 

18 
18 

u6RF-C 
06EEDR-C 

283 79 2e.a 
1S.3 

56 
31 

21 
4 

21 
13 

19.4 
10.4 

Del 
1.0 

w.S 
a.o 

19.4 
1C.Lt 

NO COMPOSITE FCR THE BICDISC c" JUNE 20 DUE TO t-*ALFUNCTICN OF SAMPLER. 

zo 
2u 
2C 
20 
20 
2Li 

O&IE 
tJ6EEi 
D6EE2 
U6EE3 
06EELt 
06EEOR 

GAM 
GAM 
GAM 
GAM 
GAM 
GA 

13 
12 
11 
11 
13 
13 

13.t 
it. 6 
10.1 
8.1 
7.2 
7.0 

C.'t 
u.e 
1.a 
1.2 
1.!; 
1.0 

2.1 13.c 
.:S.9 1u.6 
4.8 1C.1 
6.6 8.1 
9.0 7.2 
8.5 7.L 

RAI t:. OAV FOR B WILL NOT BE USt:O FCR JUNE 20 OUt 10 Fti::.O FRCElt:.MS. 

2E 
26 

06RF-C 
OGEEOR-C 

312 ~2 3E.O 
12.e 

54 
25 

16 
3 

2Li 
13 

26.6 
12.5 

0.1 
ft.G 

~.5 26.6 
1J.S 12.5 
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A~ALYSIS 

SAMPLE UNFILTERED FILTERED 
OESIGNAIION 

CAY MON coo SOD TKN COO BOO TOC NH3N NC2~ ~03N TKN 

BIODISC GRAB SA~PLES TA«EN 
FEED END JUNE 28 

AT 10 TO 1S MINUTE INTERVALS STA~TING AT THI 

28 
28 
28 
28 
28 

06IE 
O&EE1 
06EE2 
06EE3 
06EEOR 

GAM 
GAM 
GAM 
GAM 
GAM 

62 
50 

45 

3u 
22 

13 

33.0 
22.7 

15.9 

u.e 
3.7 

7.5 

1.5 33. c! 
3.9 22.7 

8.0 15.9 

' 28 06EEDR-C 

02 07RF-C 

05 07EE1 GPM 
05 07EE2 GPM 
05 07EE3 GPM 
05 07EECR GPM 

07EEOR-C 

10 07RF-C 

12 07FR-C 
12 07E"'E 

:12 C7IE GPM 
12 07EE1 GPM 
12 u7EE2 GAM 
12 07EE3 GAM 
12 (;7f"f~ GAM 

349 151 

352 176 

335 25 

NO RAW REEO fra·~-PA~~~~-r~~-r~-r~ftT-----------------------------i 
NOTICEABKE SLOUGHING 
THIS W~S P~ABLY 0 
AND OF DRAINING THE DISC FOR 

2 5 J 7IE GAM 27. <1 84 
---'2~51i-fr07~EFF+-1-----1Gf.-1A!Htlof-1------------------ --- ---£;.~3'------t 

25 u7EE2 GAH 54 
25 B7EE3 6Att 
25 07EEOR GAM 

30 07RF-C 205 102 




At.ALYSIS 

SAMPLE UNFILTE~EC FILTERED 
OESIGI'\ATION 

DAY MON coo BOO TkN coo BOO TOC NH3N t\C2N N03N TKN 

RATE DAY ON AUG 1 IS POSTED OLE TC HEJ.'VY INFLUX OF MIXED LIQUOR 
ONLY THE FIRST 14 HRS OF COMPOSITE FEED AND EFFLUENT WERE USEC CN 06/t.. 

06 08RF-C 786 136 61J.C? 170 34 76 34.C 0.1 0.6 39. (, 
06 08EEOR-C 572 3!:.9 26 4 28 4.8 1.S 12.3 e.o 
08 fJ 8IE GAM 64.3 36 63 37.0 1.1 2.1 37.4 
08 08EE1 GAM 32 37 29.6 1.2 Lt-.5 29.6 
08 08EE2 GAM 36 32 25.5 1.5 6.8 25.5 
08 08EE3 GAM 36 29 22.0 1.8 8.8 22.5 
08 08EEOR GAM 4e.o 36 31 18.5 1.9 11.0 19.4 

NO SAMPLE FROM 8 SYSTEt4 IS AVlliLAeLE FOR COMPARISON WITH THE BIOOISC. 
COMPOSITE DUE TO SAMPLE~ MALFLt\CliOt\ 

08 08RF-C 
08-D8EEOR-'C 

75L 1E1­ 6.5.9 
4S~e-

36­
36­

47 
6 

4j_ 
4-2 

41.1 
21.4 

0.2 
1.3­

(t.7- 4-1·1 
9.5 21.Lt 

13 
13 

0 8RF-C 
08EEOR-C 

208­ 49 3~.2 
23.7 

32_ 
28 

15. 
4 

23_3~--0 
26 17.5 

0. 5­
3.8 

1.u 34.3 
7.3 18.3 

15 08IE 4C:.S 41 4-8 38.5 .J.9 J.9 47.2 
15 08EE1 29 33 36.5 i.E 1.7 40.7 
15 08EE2 25 33 30.5 2.2 3.1 38.2 
15 G8EE~ 29 25 30.0 3.0 5.2 34.1 
15 08EEOR 35.0 25 24 28.5 3.2 6.6 31.9 

15 
15 

0 8RO-C 
08EEOR-6 

262 72 lt€.2 
33.8 

41 
37 

24 
5 

24-38.5 
23 z2.C 

0.2 
3.G 

0. 7. 3'!.8 
5.3 26.3. 

20 
2u 

08RF-C 
08EE-DR-C 

332 108 ~~.e 
28.2 

78 
45 

3E 
1.4­

30 22.!. 
17-17.0 

0.1 
1.2 

J.2 24.3 
:i .6- 18.2 

22 08IE GAM 33.1 54 23 26.C o.e u i'·­ 33.7 
22 ~16EEl GAM .&t:, ~~ t:.t:..~ Ueb u.o 29.5 
22 08EE2 GAM 45 15 25.5 J.7 o.s 27.4 
22 lJ8EE3 GAM 't5 1~ ;::~.5 1.1 u.a 2£:.iJ 
22 D8EECR GAM 32.3 41 13 22.0 1.4 1.4 22.1 

22 
22 

OBRF-C 
08EEDR-C 

340 185 4S.3 
4e.1 

45 
58 

32 
15 

29 
37 

36 •. 0 
28.:, 

.:.1 
u.l 

1.8 
..;.( 

37.6 
34.2 

21 
27 

iJB'<F-C 
OSEEDR-C 

295 1.34 31.2 
3~.1 

67 
42 

37 
12 

31 
59 

19.5 
17.S 

u.1 
D.3 

u.9 
1.0 

22 • .7 
18.9 

29 08IE GAM 35.6 45 18 51 23.G 0 c.J u.6 26-1. 
~g !.l6::.tl uAM ~' J.l '+0 t:.lie? !le? Ueo ~t:.•'::f 

29 C8EE2 GAM 37 :11 32 2G.O ~.e 0.7 21.1 
29 u8EE3 GAM 3r ~ .1? lb.~ l;ef leJ 1Se8 
29 C8EEOR GAH 34.1 29 7 39 18.C D.7 1.3 19.2 

29 06RF-C 467 184 4£.0 53 27 27 21.5 C.1 l..e3 2 s. 4 
29 t8.::EOR-C 39.4 ItS ~.,) t:..l t:.~.~ ~ .~ ~·l. &::;:,j.~ 

-'TEMPERA~ CHANGED FROf' a OEGRE::.:: JU 
-152­
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Af\ALYSIS 
-~- --- ­ -~- ----.--- ­ ------ ­ --­ ~ ------ ­ ------- ­ -- ­

SAHPLE UNFILTE!CEIJ FILTERED 
BESIG NATIOI~ 

lAY HON coo BOD Tt<N coo BOIJ Toe NH3N NC2N N03N TKN 

SAMPLES WERE TAt<EN TUESIJAY TO ALLCW SUFFICIENT ACCLIMATIZATICN. 

0& 
8& 

G9IE 
69£[1 

GPM 
6PM 

70.4 41 
S't 

&0 
Z7 

59.0 
52.6 

0.1 
a.2 

0.3 
6w6 

59.0 
sz.& 

0& 09EE2 GPM 65 22 lt7.0 o.e 1.4 49.2 
9& D9EE3 GPH 36 16 '+6.5 1.8 2.7 ~u.9 
0& D9EEDR GPH 51.3 33 17 40.5 2.7 4.3 42.5 

0& 
86 

09RF-C 
a'JEEBR 6 

549 40 62.3 
52.7. 

100 
58 

16 
6 

33 
19 

47.5 
37.5 

0.1 
1:.3 

0.8 
z .... 

47.5 
3 9·2 

!!i 
10 

99RF G 
0 9EEDR-C 

491 2;!1 65.5 
40.8 

!99 
33 

85 
3 

--4-4 
26 

48.1 
25.5 

9.9 
2.4 

9.1 
7.1 

48.1 
25.5 

12 09IE GAM 71.9 53 57.5 n.s 1.1 62.5 
12 Q':1EE1 GAM 29 32.( Gw6 5 .s 35. B 
12 09££2 GAM 29 25.0 1.0 8.4 26.7 
1:2 lJ!;)e;e;~ GAM ---41 - -­ - 1-7 .-$--1-.-..3-1~---g 2G.t 
12 09£EOR GAt-! 32.7 45 14.C: 1--.1 1_6.0 15.& 

12 L; 9RF-C 383 1ou sc;.s 72 24 38 49.0 J.o 0.4 56.2 
12 £9EED"R c 36.~ 3 1::8 21.0 1:. J 1iw9 25.( 

1& C9RF-G ~.e 9.4 !.7 39.1 
16 0 9EEOR-C 16.C 0.3 7.8 1&.1 


17 0 9RF-C 45.~ c.J u.3 45.2 
17 G9eeDR=G 3G.:' YuB ew9 2:9.2 

!8 l<9RF-G 29.(; G•;} Q.9 J4.tt 
18 ~ 9E£DR-C 17.6 o.s 6.3- 1(.6 

19 G9!;!F;..C lt8.5 Q_.ll J.5 49.-4 
19 P9E:EQR-C 330 Q .!ii 1.6 :~!i.e 

----24-lJ9RF-C.---·- ·-· ------ ----37--ri-~9 38.~ 

24 L9EEOR-C 25.( 0.t:.., 3.6 25.8 

25 
29 

Ee 
26 

C! 9RF-C 
129SEOR-C 

G9R-F 
C9EEDR-C 

47.5 
29.5 

1.~ 

24.~ 

iJ.O 
a.a 
{l.y 
c.a 

u.o 
'• •7 

!) • ,, 

29.7 

47.5 
31.b 

It~ •!, 
2Lt.l: 

Q3 ,:4,Q~g GAt4 
U3 1DEE1 GAM 

---O~E2 G.A¥ 
03 Hi EE3 GAM 

-~~1~-=:-£-0R-GA-1'4 

~8 1:!JRJ;:.,G 
08 lOEEOR-C 

2111 
395 

If;.~ 59 
42 
lW 
43 

---J.O. • .0- ---3.8-­

J@.J it9 

42.3 38 
~5 

8 
39 
22 

a~.::l 
18.5 
22.t 
14.5 
11-.-9­

25.C 
17.S 

~ .. 
Li • " 
') .1 
J.9 
1.:,j 

G.;;i 
G.3 

~.B 3•• 9 
2.5 22.(i 
3-..2----Z-Z-.-.u-­
4.3 1E.C< 
1+..,_!}..._1-4-2-­

~ • ;;! 27.s 
1.9 2a.a 

10 l!l RF-C 234 37.0 50 154 38 24.G o.o 0 .1 27.5 
10 1o.::Ece-c 420 3Z.O 

-153­
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ANALYSIS 


SAMPLE UNFILTE~EC FillERED 
Ot.S!GNAIION 

DAY HON coo BOD TKN coo BOO TOC NH3N NC2N N03N TKN 

25 10RF-C 365 151 61.0 74 45 51 38.0 o.o 0 .s 49.5 
25 1llEEOR-C '3~.8 '+9 3 22 18.0 7.0 1.0 23.7 

06 11~F-C 392 97 72.9 92 31 34 56.(1 o.o 0.7 59.4 
06 !!EEDR-C 279 Zi1.2 Zi 1:5 30.5 2.S '10.3 33.8 

",-,--~ <V -~~-" _..,.~---~-.........-

-:-154­
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COLU~~ CPER~TION 

DATE SAMPL~ 
OE"Sl<;W ~T ICtl 

CAY MON 

SOLIDS FLOW t-ACH 
• Q2M 

NH3~ N03N 

EFF 
TE~F 

CCOLER 
lE~P 

PH CCCLER 
QQ 

COLUMN F1 AND F2 WERE SEEDED kiTH OENTRIFYING SLUDGE FROM C1 AND THIS WAS 
EFT AS D SATCI:f SYSTEM FOR ZLI H&S.THEN A FEro 5<ATE OF .zs Ieee GAL 'MIN WAS 

STARTED 08/i:l6. 

10 t6 EF1 	 18.5 15.2 
1ll llo EF2 	 18.5.--~5.2 

11 ~6 t:'f1 6 .27S 1l.C ~3.8 

11 CG EF2 16 .32 17.0 13.8 

12 
12 

(..6 
06 

EF1 
E.E.-G 

8 
18 

0 
10 

c: ,....... 
c:•...... 16.0 

1E.D 
14.5 
14.E 

13 
13 

f) 6 
r, 6 

EE1 
EF2 

1& 
18 

14 
24 

.s.s 
15.5 

14.5 
14.5 

-- ­

14- Jo EF1 8 6 .4C: 15.5 14.4 
1t.t- 'o IF2 4.5 
14 ~~ 6 EF2 HI 8 .5~ S.5 15.5 14.4 

c 617 EF1 .4S .15.t 13.9 
11 r.:, EF2 • c:;-c 15.5 _j_3. 9 

A SPIKE CF ?Q FPM r~o~-N PI liS EXJRD METHANOL \US IN EFFECT fli(fo' 1 8 L11 IJ_JD -2aLU 

l a ,, c !CjBE j 2 j 9 35.5 
-

I 18 	 :;e, EF1 12 14 .... C:'1.; 8.-6 15.~ ' 16.iJ- -~ 

·;; -­

~ 

~ A I='F? 1 R 1 f.- ___._.s_z__- 15-B 1610 ifi._L_ -- ---­

19 q1 1r11E 24 2f: 	 3Z~~t-O 
----~-~-

-""' ~'LU ~6 EF1 3iJ 32 .Sll .:11.-8 16.{] 14-.5 

?0 - F. rF? /.j 1 R c:;:; 17,0 1f:,O 1 ~.s 


l---.2_i_ ,, 6 Ir.i9E 1_6C, j6f -.-- ­
·­21 L6 EF1 10 14 


?1 :Jn FF., 12 1? 


25 6 rEl -- ceO 2.5 

25 t 6 EF2. 6.0 2.5 


2& .:.6 EF1 6.0 4.u 4.0 

26 "6 FF2 6,G 4.!J 4. (,


I 
2Z ··c I'~l SE 	 !:le8

I 27 [6 ~F1 le4 6.() 2.8 s.a 
I 27 .i,. Q EF2 .1:4.,..,_ 2.3 ____o_._n_ 2,8 s.o 

28 . 6 !=F1 1!i__1D •~s ______i_ii • C____5_._t 3e_L 

28 ~' 6 EF2 14 16 .52 


THE COOLE~ i~AS ACCIDENTLY SHUl COWN FCR AN ~OUR HENCE, THE RATE 
DAY WAS MOVED TO 29/C6. 

29 :;6 IC1BE 84 132 -l-55--------­



COLU~N OPERATION 

DATE SAMPLE SOLIDS FLOW HACH EFF CCOLE~ PH COCLEP. 
~ESIGMATieN NO~N TEMP T~HP ee 

D/IY MON t. H3t\ N03N 

29 
Z9 

06 
CEl 

EF1 
EFZ 

80 
30 

84 
28 

6.0 
e.o 

3.5 
3.5 

ef 
D 2 

:1 
07 

EF1 
EF2 

6.6 
7.0 

2.5 
2.5 

THE COLUt~;NS WERE INSULATED WITH 3/6 INC HE STYROFOAM ON 0~/07 

(15 

65 
D7 
37 

EF1-1 
EF1 35 • 5 f2 

s.o 
6.B 4.e 

05 C7 EF2-1 s.o 
05 07 EFZ 16/f .5Z 6.6 4.6 

SA"1PLING ON 0 5/tH St«»tS--'fttERE IS t'INit'AL TEMPE-RA-T-tl~TSE THROUGH 
THE COLUMNS EVEN AT LOW TEMPERATURES~ 

ca 	 07 IC1BE :!~4 6.3 
C=i08 G7 EF1 ...., ... 4.5 1·1----4.5 3.6 


ua 07 EF2 • 51 ~.o 3.6 4.5 3.G 


1G 	 07 EF1 38 34 .5:1 4.0 1.0 

:..7 EF2 36 48 .Cd 4.0 i.l:
!c 	 """­

11 ::7 EF 5-.-&-----2 ·1--- - -- 2 .-r------ ­
11 'G7 EF2 s.c 2.1 

12 !; 7 IC13f 5.1 

12 i:7 rr1 1•9 ... a :1.9 

12 G7 EF2 4.0 


15 :7 IC1BE c.o 16.o 
15 C7 EF1 1~~~~.&------------~~+-~4-----------------~.~s~l~~a.~.s 

15 C7 EF2 .~1 2.~ 3.7 14.C 1~.0 

16 C7 IC13E 	 7.1 
1&-,;1 :fF1 	 - ---- ----- --- - ---14.4 14.2-----7-. 2~--
16 L7 EF2 	 14.4 14.2 7.2 

17 	 :.7 IC19E 15.5 
17 :.7 5F1 	 .s~ 2w7 14w5 11wl.t 
:&.7 	 C7.EF2 .Sl 5.1 14.5 i1.4 

18 ~7 EF1 78 78 .Sl 1C.5 

18 C7 !=F2 96 '36 -.Si - ­

- ..,19 	~7 EFl 13.8 i!w::: 

19 i.J7 EF2 	 14.2 1G.2 

22 L7 IC13E 27 31 4.3 
22 97 H-1 34-3~ 

22 (· 7 EF2 46 49 

23 2.1 IC19E 36.5 37 
23 [7 E-f-1 25 23 

1='_,.,23 	 C7 _r c. 167 132 
- ---- __ _. ____________ 
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COLU~~ CPERATICN 

CATE SAMPL~ 
OESJGt-1" TIC~ 

CAY HON 

SOLIDS FLOW t-ACH 
f>"OZW 

NH3~ N03N 

EFF 
TEHP 

CCOLER 
liMP 

PH CCCLE~ 
CC 

A N03-N SPIKE 0~ 15 PPM WAS ~CIJED TO COOLER 2 DURING 23/07 ~~C 24/07 

24 07 IC1BE 29.7 32 7.2 
zw· l"'z EF1 24.2 2C: 21.3 20.6 7.7 
24 07 EF2 27.3 20 .so 21.2 20.5 7.6 

25 07 IC1BE 3<; 
2S ;;7 EF1 61 21.5 20.8 
25 ~7 EF2 38 21..5 20.8 

26 ~7 IC1BE 37.3 7.3 
---2~6G---<C~.>-7~---<E.,..F"""1o~.---- 4 2 • 5 4 2 22.(1 21.4 7.7 

26 u7 EF2 19.5 20 22.0 21.4 7.7 

29 C· 7 IC1BE 30 30 7.4 3.8 
29 r z E£1 14.1 15 21.7 21.1 7.C: 
2_9 0 7 EF2 22.5 18 

3u G7 IC1SE 27 27 &.2 
3ft "1 F~i 263 3[;6 22.0 21.~ 7~8 
30 L7 EF2 52 so 22.c 21.0 7.E 

31 ~7 IC1BE 30 31 6.3 
----~3~1~i•~z~E~F~1~---~s~s~--~~.~~-~·471 ?laS 21a2 7aC 

31 (7 EF2 2c 27 .51 21.9 21.2 7.7 

RAW F~ED CONTAINED MIXED LIOUCR DURING THE EVE~ING.FOR A SUFFICIENT 
TIMF TO CAliS£ C::Q! toe:: TD &Fr· IJ.,IO COO! l=R 2 AND THE n=NIIRifYJt\G SYSTEMS 

!-2 f.B IC1BE 37 32 7-.2 c:.s 
02 08 EF1 22 1S a4S 21.-E 21.-5 7. s 
f-2 c;g EF2 31 • ? l 21· t; 21. s z •.~s__ 

NIIRDGfl\ ~AJANCI=S WFR~ ATIFMPJFC fOR POTH COII!Mt\S OtiliUJG TtJE PEfiiDD 

u5/i.i8 TO 16/0~. 

Co C 8 IC1BE 40 34 
i; 6 · 8 fF 1 03 1 4E alfC 21.5 21-( 
~6 ..,a EF2 36 42 21.5 21.0 

0 7 ... ~ I C!. =iE 126 ~17 
07 .. B ;;:"f1 82 84 2j.5 21.:) 
ti7 ~8 EF2 114 114 21..5 21..0 

\j8 

LiB 
(g 

f.R 
EFi 
FF2 

127 
93 

123 
as 

21..0 
?1. 

1.9.7 
19.7 

z.a 

u9 
;; 9 

12 
12 
12 

cg 
.. '\ 

CS 
;..8 
( 8 

EFt 
EF :; 

IC1BE 
EFi 
EF Z 

28 

33 

.s~ 
--­

,yc 

.4S 

.sc 

--27~.~-----------------------------
21.5 19.5 

___5_. 0_2j_ .._5__j_..9._....£5____ 

2[.~ 19.5 

9.4 ~7~·~3~--~5~·=6______ 
21·5 2(:.6 7.2 

2ac 21.5 2~.8 7.3 



• • 

------------------ --------------

COLU~h CPERATICN 

CATE SAMPLE SOLIDS FLO~ HACH EFF CCOLER PH CCCLE~ 
BESI6f4f!TICr! t<6f r1 TEMP T~~P eo 

DAY MON t\H3t. ~03N 

13 es IC1BE 26 2C! • 
13 08 EF1 5'+ 66 .4eo 21.5 2(,.ft 

13 c8 Eff lt7 ItS .see 


14 68 IC1BE 6.8 
14 tB EF1 • 4 e1 21.5 21.1 7.2 
14 t8 EF2 .4CE~ 21.5 21.1 ?.2 

15 L6 IS19E 33.5 ee 6.7 
15 08 EF1 41 • S£;~ 21.5 20.ft 7.4 
15 68 EF2 65 .o~tee 21.5 20.4 7.1t 

16 fl8 IC19E e.e 

16 [I 8 EF1 e4SE 20.5 20.0 e.c; 

ib : B EFE .~tee 2Eie5 26.6 e.~ 


19 j8 EF1 --- -1-5-.-~- -13".3" 

19 08 EF2 15.5 13.3 


2u !:8 IC13E 37 35 G.c; 

2iJ : 8 [Fi 53 ~6 15-·-7 12:•7 7-..a_ 

Z;J 28 ~F2 88 62 15.E 12.7 7.2 


TRACER STUDIES WERE CONDUCTEC ON eOTH COLUMNS ON 2t/CS.AFTER THE 
STUOI:S '~ER:-:: FINISHES e€-f+f--G--e--l--ti-t't45- lNOERWE-lH 15 MI-N-u-t-£~81.\-8<\o\1.\SHE-S~---­
THE BACKWASH RATES WERE MOSTLY BELOW 3 GAL/MIN FT2. 

21 us IC1BE 17 iS e.5 -e.c; -2.-9 

21 (8 EF1 18.5 1': ---3- .--{l---1-5--.--c: 1-3T-2-----7-..-.~1-­
21 C8 EF2 2D 20 • S"17 3.6 15.9 13.2 7.1 


22 1]8 IC19E 24 24 17.8 6.7 3.7 

22 JS EF1 12.5 12 4e6 16a~ 1~e9 EaS 

22 c- s EF2 12.5 14 16.Lt 14•9 7.0 


-~-­----· -- - ---------------- ­ ------------~ 

ANOTH~R PAI~ OF TRACER STUDIES ~E~E CCNCUCTED ON 23/CB TC SEE T~E 
- EFFECT OF BQG~W~SHING. 

21.t : 3 EFi '3. c 

2 '+ :8 EF2 9.u 


A LONGEF r40R= VIGC~OUS eAGK--ffP-H-1-~N-£-UGTEO \HTH COLUM~ F1 CN 
24/[8.IT LASTED ROUGHLY 75 MI~UTES eUT THIS STILL HAC VE~ LITTLE 
EFP'"CT G~J SHOQT GIRClJITING A$ ~E£~ FQQ~ A OYf S+Y--Q.Y OQWf ~HaH 
AFTER FINISHI~G THE BACKWASH 

BACKWASH WAS LEFT Ct\ COLUMh Fl CVEq~IGHT CCVERI~G ALMOST 17 fCURS 
--W-l T H QAT E S OF R(l UG-H-k-¥---1--3----GA-b-J--t"l t> FT-2--.--4-N--C-:--l H-ER ~VE--S-roO-¥------W-.a-S----l-tt--E N------­

RUN 01\J 25/C8. 

MIXED LIQUOR GOT INTO TPE SYSlE~ ~S F~R ~S COCLE~ 2 AN[ THE 
OFNITRIFICATIOt>i UNITS L~ST NI~-l-.~--A~_z__:____wE-JC£ SHUT OC~f\i FCI' A 
WHILE as THE COOLER WAS ORAihcC A~C CLE~NEC OlT. 
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COLLI"~ CPERATION 
----~ - -

DATE SAMPLE SOLIDS FLOW t-'ACH EFF COOLER Pf-4 COOLER 
IJ~SIGWOllCW t.'CcUI lEf!i!~ lEI:itR C(; 

OilY MON ~H3t. 11:03N 

COLUMN f2 w~s BACKWASHEO AT A t'EOIUt' FLCW FOR A COUPLE OF HCURS 
··- ON Z7-I-Oa lO H.ElP CL£AR ou:r SC~E Of: tH~ ~IXEC LIQUOR SQbiCS :U~A :r 

MIGHT HAVE BECOME TRAPPED. 

27 08 IC1BE 36 40 ~.4 
21 
27 

08 
08 

FE1 
EF2 

24 27 
18.5 18 

.4S2 

.512 
- ­ 9.0 

9.0 
G.5 
&.5 

28 
za 

08 
r:s 

EF1 
FE2 .. 

10.0 
1C.t 

6.3 
6.3 

3.6 

29 
29 
zg 

flB 
08 
ii8 

IClBE 
Ef1 
E.f2 

2G 
69 
62 

- ­
.ttes 
-.Sl-2~--

10.0 
10.0 

8.0 
8.0 

3.5 

LOW ~II~AIE- I EUFIS ARE EX2ECI-=t-Iti :I!:IE COHIIUI EEED EOR 2°.tus eEC/UISE 
TH£ AMMONIA SPIKE BROKE-DOWN CORING- TFIE NIGHT it T1irs-~ WU1...-c P1<C9~9L-Y 
KEEP NITRIFICATION Ar A- LOH lE\IFL U\ A AND .R.... 

0~ ;. 9 FE1 -- 2~.': 
G4 !:9 EF2 24.5 

A NITRATE SPIKf OF ROUGt-'LY 1S PFM w~s ADDEO TC COOLER 2 FC~ C4/IJ& 

~6 &9 IC1B~ 43.5 6.4 1.3 
06 [9 ;::E1 21 • ~ St; 2S.c 2~.1 Z.l 
o& cg EF2 159 .4~S 25.0 24.7 7.1 

ANOTH£~ NITt>ATE SPIKE WAS PRE FARED FOR llOOITICN OF 15 PPt'·t.C3t\ 
FOR THF RATE OAY Of 06/G 3 

12. C9 IClBE ~-0 1.3 
-12 ~.;9 EF1 .tt89 2-o.t 25.5 7.1. 

1 2 \'9 I='F2 .51': 26.0 25.1; 7 .l 

___CQLUM.N__F 1 ~t!S DUt1PFQ ~NO GLEA~EO CN SAIURDAY u7/ll g. RE~S~PLY rHtS 
ALSC CO~PL~T£0 ON 07/u<3.0YE SlUOIES WERE RUN eEFORE At\0 AFTEI' 
E1 1-l~S SEED~="O WIIt:t K~Q~ ,~Eit:t~~CI ,8AIER tum REIUR~ Sl UOGE ERO~

c" 
a~ 

A TPACER STUDY \HIS AGAIN RUN SliTURDAY SEPT 14.THIS WAS SIX 
QAY:~ gEIEg HJF COl 111:1~ 1::1!\!l a=Eta eF-SIM~IFD AI Il:!f t:jQfH1 ~L l:fXC6~UI IC 
LOADING OF .s GAL/MIN 

18 : 9 IC18E 42.5 


.. c::A NITRATE SPIKE OF ..I.J PPM t\03t-. \IllS ~UN FOR THE 19/09 ~ATE CAY 

19 rg IC1BE 54 . 
13 :;9 EE~ Q2 .!te~ _z__o_.___s___ - ­
19 iJ 9 EF2 53 .sua . 2G.5 

SOLI OS COMING OUT OF F1 ARE A I"UC~ LIGHTER 
F2,SOL!OS RfSEf:'BI E MIXFO l IQUCR FRO~ C1. 

BRC\Iit\ COLOUR THAI\ IN 

29 ~g IC1BE LtS.S - ­

'?,7 L9 EF1 .ttc; ___11~~0 
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COLUt~ CFERATIC~ 

OATE SAMPLe 
BE~I&I~ATI6N 

DAY MON 

27 C 9 EF2 

SOLIDS FLOW 

.

HACH 
t<O~N 

Nl-!3~ N03N 

sua. 

EFF CCOLER 
TEI'!P TEt~P 

11.0 

PH CCCLE~ 
ff 

DURING THE ENTIRE 
5ISIHFI6AIH ~us: 114 

PERIOD OF 
fiRESStJRE 

CCLUH~ OPERATION THERE 
lN EITHER t.INIT Bt.IE Te 

~AS NO 
MEBIA CLCE6It'S 

ON SEPT 29.0UE TO 
WAS ADOEC DIRECTLY 

A REDUCTIO
TO CCOLER 

~ 1~ FLCW 
TC ALLOW 

THROUGH UNIT 
BOTH COLUMNS 

A,T~P WATER 
AND Tt!E STIR~EO 

TANK SYSTEM TO CO~TINUE OPERATICN.THIS WASTED T~O WEE~S,THE DURATION 
OF THE 5 DEGREE NITRIFICATION ~UNS.ftT THE SA~E TIME A NIT~AlE 
SPIK.... HAS SET TO RUN ALL HEEI<ENE EELIVEfHt46 ROUGHL'i' 8 PPr1 NOJI~ 
TO THE 1.2 GAL/MIN OF T~P WATER 

28 10 EF1 .51 25. 

28 1G Eft .56 • 

fi7 11 EF1 25.·"~ 
OT !1 EF2 e-St 25. 

------------- --------------- -- --- ~~ -- -------- ­--~-

-lo(F----~ 

------------~ ------------------- ----~---------------



~NALYSIS 

OAT£ SAMPLE UNFILTERED FILTEREO 
DESIGNATION 

DAY MO COD BOO TKN COO BOD TOC NH3N N02N N03N TKN HETH 

ANALYTICAL DATA FOR OENITRIFICATICN COLUMNS 

COLUMN Fl CoNTAINS 1 INCHE NO~TON POLYPROPYLENE PAll RINGS 
COLUMN F2 CONTAINS 2 INCHE PAll RINGS 

THE COLUMNS BEGAN ACCLIMATIZATION JUNE 7 AND CONTINUOUS OPERATION 

JUNE 8.HYDRAULIC LOADING WAS INCREASED TO .s IMP GAL/MIN JUNE 11• 

THE REGUlAR SAMPLING BEGAN JOKE 13 

13 06IC18E GAM 
13 06IC1AF GAH 
13 06EF1-2 GAM 
13 06EF1-4 GAM 
13 DbEfi GAM 

54 

143 17.7 

38 

54 
132 

87 

13 15.0 
32 
30 15.1 
28 1€:.4 
29 16.4 

2.2 14.8 15.0 

1.0 2.5 15.5 
1.3 4.7 16.4 

14.5 

I.t! 2.7-16.4 £8.5 

1:3-.:GSEF:Z-2 
1-J-D6EF2-4 
13-l.i6Ef2 

GAt1 
GAM 
GAl'1 1:65 

70 
136 

94 

28 14.7 
35_ 17.2:­

1.7 
1.5: 

4.0 15.2 
8.8 .17.7 

RA1r:. DAYS SIARIED 20706 FOR Fl AND '2'97D6 FOR F2. 

20 
20 
20 
20 
20 

06IC1Bt. GPM 
06IC1AF GPM 
06EF 1-2 GPM 
C6EF1-4 GPM 
06EF1 GPM 

46 

155 2.3 

25 

170 
136 
123 

11 
70 
51 
48 
3/ 

a.s 

u.u 
o.o 
c.~ 

o.5 38.5 

4.5 24.5 
3~8 23.7 
4~u 5.7 

u.7 
44.G 

1.1 
1.1 
J.9 1€.5 

20 
20 
20 

06t:.F 2-2 GPM 
06EF2-4 GPM 
06EFZ GPM 159 

88 
98 

146 

46 
42 

-44 

uail 
G.O 
c;.o 

6.5 8.5 
4.6 8.3 
3 .s_ 2.s... 1_ 

1.5 
1.3 
a.a~i!t.t 

zg 06IC1Bc:. 
29 C6EF1-2 
Z9 06f:F1-4 
29 G6EF1 

GA1 
GAM 
GAM 
GAM 

7u 

202 

7.1 

5.5 

4~ 

1E1 
126 

99 

15 
45 
41 
34 

4.0 5.8 Z3.Z 4.0 3~.5 

2.5 s.o 18.5 3.0 
o-.~s--~z-.~o--1~4-.~s--~2-.4~--

~.2 0.7 4.9 2.4 12eL 

29 06EF2-2 GA~ 1E1 49 2.0 5.5 21.0 3.2 
Z 9 06cF2-4 GAM 145 4S z.e 4.0 18.J 3.t} 
29 06EF2 GAM 174 136 39 11.1 2.2 11.9 2.6 14.5 

05 07IC1BE GPM 42 2.4 21 ~2 0.4 o.s 20.5 
05 ~7IC!AF GPM 63 2·7. (i 
05 C7EF1-i GPM 184 2.0 1.5 24.0 2.0 

--~o~s~o~7~~~F~l=-~z-G~P~Ir1------------------~1~~----~s*4--~c-.~s--~t~.~s-1~7-.~J--z~.s---

os D7EF1-3 GPt1 126 G.O 1.1 13.2 2.7 
05 b1EF1-4·GPM 150 49 (•.;.; 
JS 07EF1-S GPM 117 u. 0 1.4 10.1 1.5 

--~o~s~t~7~E~F~1=-~s~GP~M~------------- ---~a~s~--------~~-~ 1. 2 f.-T7-:Lr-:.-a9­
05 07EF1 GP~ 130 2.5 92 32 0.0 1~3 s.o 1.5 12.5 

05 C;7EF2-1 GPM 176 ~.5 1.0 21.J 1.7 
6 5 fi '1E:FZ-Z GPM :1;56 0.1 1.3 11.6 1.7 
il5 07 EF 2-3 GPt1 142 o.o •1.4 1G.u 1.2 
65 fl7EFfw4 GP!'-1 1'3fl ---n--.0--1.-.2 13.5 1.6 



I 
I 

ANALYSIS 


OATE SAMPLE 
DESIGNATION 

DAY MO 

UNFILTERED 

coo BOO TKN ceo eoo 

FILTERED 

TSJC NH3N N02N N03N TKN METH 

05 
.05 
05 

07EF2-5 
U7EF2-G 
07EF2 

GPM 
GPM 
GPM 331 11.6 

142 
121 
113 45 

'leO 
o.o 
c.o 

1.7 11t.5 
1.5 12.6 
1.4 9.8 

1.7 
1.8 
2.1 19.5 

10 
10 
10 
10 
10 

071C1BE GPM 
07IC1AF GPM 
OZEF1-Z GPH 
07EF1-4 GPM 
07EF1 GPM 

79 

151 

7.1t 

7.C: 

37 

139 
109 
109 

14 
51 
57 
50 
.42 

6.8 

6.5 
5.9 
s. 2 

0.2 1~.5 

!h~ 12·1 
0.4 11.3 
0.5 4. «; 

&.ft 
22.0 

7.~ 
7.0 
6.1 16.0 

10 
10 
10 

07EF2-2 GPM 
07EF2-4 GPM 
07EF2 GPM 172 8.3 

151 
118 
1(!9 

53 
50 
46 

6. 5 
5.9 
5.5 

O.lt 11.9 
0.6 10 ... 
0.6 7.9 

7.5 
6.8 
&.8 18.5 

18 07IC1BE GPt-1 
18 C71C1Af" GPM 
:18 07EF1-2 GPM 
1&- 07£Fl-4 GPM 
18 C7-EFL GPM 

59 

170 

5.5 

6 • .3 

30 

130 
1:-30 

88 

14 
&0 
3.8 
39· 
3IJ. 

3.8 

2.6 
2.4 
L_8_ 

1.1 18.9 

1.1 14.5 
1eL .12.4 
c•.9_ 3.9. 

4.9 
50.·5_ 

4.5 
3.9­
3.3 u.s 

11L CL7Ef2-2 GPM 
18 07EF2~4 GPM 
18 07EF2 GPM 194 5.2 

169 
'89 
46 

50 
39 
25 

2.6 
z • .o 
1.6 

1.2 14.5 3.6 
1..4­ 11..2 3~.8 
'1.4 4.9 2.9 16. (; 

25 07IC1BE GPti 
25 07EC1AF GPM 
25 07EF1-2 GPM 
25 07EF1-4 GPM 
25 07EF1 GPM 125 

3.S 

3•2 

196 

159 
79 
58 

10 
51 
It& 
37 
28 

0.1. 

o._o 
!l • .r 
J. i 

0.3 27.2 2.1 
24.5 

'1.0 14•. 3 2.4 
1.7 1n·•s· z.r; I 

1.2 1.7· 2.2 . u 11. 

25 07EF2-2 GPM 113 34 o. 0 1.5 13.7 2.0 
25 
25 

07EF2-4 
t7-e:F2 

GPM 
GP'i 11t2 2.c; 

96 
84 

33 
27 

0.1 
o. 3 

2.~ 11.2 
2.6 3.2 

2 ·-iJ. 
1.9 18.5 

06 08IC2BE GPM 81 2.1 30 11 0.1 o.c 25.5 0.4 

06 08IC1AF GPM 40 
06 08EF1-2 GPM 68 59 i:i.2 c.8 15.2 2.1 
G6 C8EF1-4 GPM 68 52 (;.2 1.2 10.9 2.1 
06 C8EF1 GPM 244 5.3 51 lt3 0.1 1).7 2.4 2.4 

OG 08EF2-2 GPM 85 59 G.1 0.6 22.9 2.8 
06 0 8EF2-4 GPM 68 46 0.2 1.2 11.8 2.5 
06 !J 8EF2 GPM 188 3.2 60 38 0.1 '1.5 s.s 2.3 21.t 

08 08IC1BE GPM 72 16.9 16 12 11t.O 0.1 40.5 15.3 • 
08 IJ8IC1AF GPM 57 21.C. 
08 08EF1-2 GPM 72 87 u.lt 0.2 8.0 4.5 
08 C8EF1-4 GP11 72 78 c.3 0 .1 6.5 2.9 
08 08EF1 GPM 336 a.lt EO 62 u.3 0.1 0.2 2.4 31t. ( 

08 08EF2-2 GPM 68 78 O.lt 0.1 12.1 3.4 
08 U8EF2-4 GPM 68 86 0.6 0.1 0.4 2.1 
08 IJ 8 EF2 GP"1 288 8.1 48 65 0.1 o.o o.J 2.3 14. (; 

RESULTS OF FEED ANALYSIS ON llf/t8 INDICATES A PROBLEM WITH TPE SAt'PLE 
HENCE THE DATA WILL NOT BE USEO FCR RATE ~lCULATIONS. 
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At\ALYSIS 

DATE SAMPLE UNFILTERED .. FILTEREO 
DESIGNATION 

lAY MO COO BOO TKN COO BOO TOC NH3N N02N N03N TKN HETH 

13 o8IC1BE GPM 40 9.2 12 10 7.5 0.2 27.8 8.3 
13 08IC1AF GPH 50 . ,_ 2 7. (; 
13 08EF1-2 GPM 44 64 4.1 2.0 9.9 6.7 
13 08EF1-4 GPH 44 62 3.5 2.5 7.7 5.2 
13 08EF1 GPH 172 7.2 41 32 2.7 o.7 1.3 4.6 6;-rr-­

13 08EF2-2 GPM 53 5.2 2.4 13.8 &.7 
13 08EF2-4 GPH 45 &8 4. 0 3.2 8. 5 5.7 
13 08EF2 GPM 184 6.5 41 34 2.5 1.6 2.7 4.3 7.0 

THE FOLLOWING SAMPLES WERE T.AKEN FOR NITROGEN BALANCE PROPOSES. 

09 08IF1-S 4.6 1.6 0.4 28.6 2.2 
09 08EF1-S 2.1 0.4 0.1 8.5 1.3 
12 081Fl-S 2.1 O.I D.i 10.6 a.r 
12 08£F1-~ 2~6 0.-0- 0 • .o· 1.1 1.5­
13 U8IF1-S /.5 6.3 O.L27.4 7.5 
u 08EF1-S 5.1 Z-.G 0-.5- 1.2 3.3 
13 08EF2-S 8.1 t. 3 Ua1'27i:U 7•9 
13 08Ef'-2-S 6.4 1.9- 1.2 -3.7 3.4 
14- 081F2-S s.zt ~.6- Q. 3: 22'-2~ 4.3. 
1.4 08EF2-S 4.3 iJe6 1.5 4.8 2.3 
15 08IF2-S e.g 4.9 0.1 23.0 5.9 
15 08EF2-S 4.0 G.7 1.8 2.0 2.2 
16 d8 IF 2-S 4.4 2.3 0.1 26.0 3.2 
16 08EF2-S 3.c:! u.9 4.3 2.E 2.7 

THE ABOVE SAl-tPt.ES WERE ALL GRJre'Sc TAKEN· AT- TttE. SAME. T-IM- TttAr GAS RA=r£5 
WERE MEASURED 

15 D8IC1BE GPM 49 13.•:1_ 2:5 11L 1:1 .. :0 o_.r: u_._lf_ 12.3 
15 · 08tC1-AF~ GP"M 47- 55;. (I 
15 J 8EF1-2 GP1'1 193 9/ 4.8 1.9 11.3 I~ 
15 08EF1-4 GPM 102 85 4.& 2.9 7.5 6.5 
15 ~8EF1 GPM 270 6.9 70 53 2.6 1.2 1.1 5.;) 33. L 

15 08EF2-2 GPM ..... 3 55 6.5 2.1 17.~ 8.4 
15 C8EF2-4 GPM 41 &2 ~.9 3.2 6.7 6.8 
15 08EF2 GPM 238 8.1 li5 50 3.2 1.7 ie!J 5 .... 34 ... 

SAMPLES WER=: COLLECTED ON 20/DB JUST PRIOR TO THE FIRST BACKWASH TO Bt. 
CONDUCTED ON THE COLUMNS SINCE START-UP 73 DAYS PREVIOUSLY 

20 08IC1BE GPM 21 .le9 0.7 18.2 3.5 
20 USEF!-2 GPl1 62 ~,.z 0.3 11.7 2 .o 
20 08EF1-4 GPM 54 0.1 0.3 1u.<J 1.8 
~0 08 EF'1 GPM 3~ 0.-t 0.7 0 • 6---,-."5-- -­

20 :lB!:F2-2 GPM 63 u..-z----1~. a 1.6 
20 08EF2-4 GPH 37 0.1 1.0 3.2 1.2 
zo 08E:F2 GPt1 41 0.1 a.e 1.9 0.3 

THURSDA"t' RATES ARE TAKEN 60 H~S AFTE~-M~ACKWASH 

22 t8IC1BE GJ'iM 50 3-.'! -1:7 22 1 .,7---:t.·. 2 14.8 2.4 
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ANALYSIS 


DATE SAMPLE UNFILTERED FILTERED 
DESIGNATION 

DAY MO COO BOO TKN COD BOD TOC NH3N NJ)_ZN N03N TKN HETH 

22 il8I01AF GPM 26 26. {) 
·· 22 Q8E.F1-2 GPM 107 35 c.& 1.3 18.5 3.0 

22 08EF1-4 GPM 112 32 0.7 1.8 12.8 2.3 
22 08EF1 GPM 103 2.5 62 21 o.5 1.5 ~.o 1.6 15.5 

22 
22 
22 

08EF2-2 GPM 
08EF2-4 GPM 
08EF2 GPM 

103 
107 

66 

38 
31 
24 

o.& 
1.3 
0.4 

1.5 11.0 
1.6 8.9 
1.7 5.1 

1.9 
3.2 
1.6 7.5 

SAMPLE FOR 28/08 WAS A SPECIAL RU~ ON THE COLUH~S TO SEE THE EFFECT OF 
LOW INFLUENT NITRATE LEVELS 0~ REMOVAL 

COLUMN F1 WAS BACKWASHED VIGOROUSLY FOR 16 HRS ON AUG 24 AND 25 


23 08IC18E GAM 7.0 10.& 
2-8. Olr£F1 GAM 4 ..6 tii .2.­
2 8 08EF-2_ GAM 4.4 1\l.3 

29 o8IC1BE GPM 58. 18- 16-.~ 29 
29 08EC1AF GPM 20 
2 9 ll8 Efi-2 GPM 4 7 7. 5 0 • 2 8 • .L 9-. 6 
29 08Er1-4 GPM 37 4 u 7. 2 o • z- a~. zc 9. 3 
29 08EF1 GPM 135 12.3 33 27 6.& t.2 6.3 9.5 

29 08EF2-2 GPM 41 39 7.& 0.2 8.3 9.9 

29 08EF2-4 GP~ 29 18 7.3 0.2 
29:.08EF2 GPM. 1.23 37 17 6.7 0.1 

SAMPU~S-FUR 04/09 W-ERE- AL-SO TilKEN TO SEE- THE EF-F-ECT OF LO~ IfiF MJ3 
CONCE-N-Ta-TION-s ON TOTAL REMOVAL. 

0 4- fl 9IC1BE GAM 10 0.-3­ 0-~- j_6_. 4 ---1... 8 
04 09EF1 GAM 24 C.6 0.2 1.1 1.9 
04 09EF2 GAM 24 0.4 0.3 1.7 1.7 

06 09IC1BE GPM 75 15.E 29 11 14.0 o.s 48.J 14.3 
06 09IC1AF GPM 44 
06 09EF1-2 GPM 83 36 12.5 4.3 24.7 12.5 
06 09EF1-4 GPM 54 29 11.4 5.7 14.8 11.4 
06 09EF1 GPM 83 14.2 48 17 11.3 4.2 1.S 11.6 

06 09EF-2-2 GPM 100 39 12.4 3.9 37.9 12.4 
06 ~9EF2-it GPM 75 29 11.4 5.7 18.3 11.-+ 
06 09EF2 GPM 20.7 4& 22 11.2 4.7 3.6 11.5 

ON FRIDAY AFTERNOON AND SATURDAY COLU~N F1 WAS DISASSEMBL~O,THE PACKING 
WAS CLEANED AND THE UNIT WAS RE-STARTED WITH A 24 HR N03 PLUS METHANOL 
BATCH SPIKE.A TRACER STUDY WAS CONDUCTED BEFORE SPIKING RETUR~ SLUDGE 
FROM CLARIFIER 81 WAS USED AS A SEEDING MATERIAL. 

12 09IC1BE GPM 77 14.0 40 18 11.2 0.1 35.5 13.6 
12 09IC1AF GPM 78 
12 09EF1-2 GPM 57 8.3 4.7 19.3 8.7 
12 t9EF1-4 GPM 57 7.3 7.2 11.8 8.8 
12 09EF1 GPM 100 11.8 37 23 6.2 8.5 S.S 7.7 

--~----~--------~~------~~----------~~ 



--

J!t\ALYSIS 

lATE SAMPLE UNFILTERED FILTERED 
Qi~IG ~IA+I g~; 

IV HO coo BOC TKN ceo eor TOC t\H3N N02N NC3J\ lKN METH 

12 09EF2-2 GPH 61 7.5 8.2 13.3 8.7 

12 G9EF2-4 GPM 41 Sw4 s.a 2.7 7.0 
12 09EF2 GPM 79 7.S 37 23 4.7 8.0 3.E 6.3 

09 09IC1BE GPH 52 7.1 34 12 4.5 0.2 41.3 5.5 
1.9 09IC1At=: GRM 63 • • • • 
19 09EF1-2 GPM 2.4 3.7 17.3 4.4 
!9 G9EF!-4 GP"f :;.9 3.1 1.& 2.2 
19 G9EF1 GPM 3.3 O.Lt 1.1 1.8 1.5 

19 09~F2-2 GPM 3.7 2.8 24.8 5.0 
;H~ ~9t;f:Z-4 GRM .g 3.4 2!.6 4.1 
19 09EF2 GPM 4.7 1.6 4.3 10.2 3.1 


27 
2~ 

27 
27 

(J9IF1 
(l~C'f0:1=~ 

09EF1-4 
og=F1 1C6 13.1 

132 
1-'1­
56 
'* 5­ 36 

9.1 
~.3 

lt.3 
2.5 

0.1 
deB 
1.4 
1·' ­

40.4 
2~.2 
111.~ 

1 • .! 

11.7 
6 _.3 
7.6 
5.2 

2l 
27 
2:l 
27 

~9IE2 
~9!::F2-2 
i·· 9~E:2-£a. 

~9EF2 344 15.~ 

65 
80 
a~ 
93 91 

a. 9­
e~2 
g-. B 
4.2 

0.1 
c..1 
C.2 
5.2 

40.4 1il.O 
33.4 8.8 
27.3 a.z 
7.3 4.8 

28 
28 
28 
28 

1!JIF1 
H ~El-2 
1r::F1-'+ 
1l• t:'fi 275 1 7 • " 

47 
«tO 
36 
40 18 

c.s 
1.9 
1.1 
i?.O 

1.9 91.1 
z.c lZ.iJ 
2.4 ~9.E 

2-~ 53.1 

2.7 
j.3 
2.5 
4.1 

28 
28 
28 
28 

l0!E2 
10EF2-2 
j j]C£2-~ 

1iJ EF2 Lt85 39A.f 

'-0 
40 
38 
40 

,, • Q­

0.6 
r..9 
1.iL 

1.9: 9 0_.1 
2.-3 88.7 
2.E EZ.JJ­
4-.5 ea. 5­

2-Z 
2.4 
2.4f, 
3.7 

u7 11IF1 0.2 2.0 52.J l.e1 
__JlL_ 3:1 FE l - 2 2.1 3.__1_~1.3 1.6 

iJ7 
07 

11 E:Fl-4 
"! 1::: fj 1 2 .s 24 

.c.7 
1.6 

4.0 28.:3 
3.2 23.1'! 

2.4 
3.1 

LIZ 
07 

_!lZ 

07 

ijiE2 
1i=:F2-2 
jj;:'£2-~ 

11E:F2 s.o 3l. 

IJ.1 
L... Lt 
j.~ 

i.i.5 

:t.B fiJ.2 j .!l 
3.2 56.8 1.8 
5.5~~3-5 
6.2 Lt5.8 2.3 
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APPENDIX B 


ANAI8TICAL:... METHODS: 
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ANALYTICAL METHODS: 

Total Kjeldahl Nitrogen
4 L 

Total Kjeldahl nitr~gen analyses (organic plus 

ammonia nitrogen) were performed according to Technicon Auto­

analyzer Industrial Method 30-69A. Essentially this procedure 

consists of digestion of organic matter at 380 degrees C 

followed by measurement of the ammonia produced using the 

Ber.thelot reaction"' in wh.i.ah- -the f-ormation- of--a--bl-ue- i-ndo­

phenot complex-_ oecur-s-== when ammonia reacts wi:tfr: sodi-um phenate=­

foil.o.wed- by. the~ adaiti:on- g£ sodi.um tiypoGlii-Grite.. _Glycine 

S'handards were- us~ fur. oalll:irati.Cnr._- · For keeping. unfiltered 

samples homogenized in the sample cups the system has two 

air aspirators. One aspirator provides complete mixing in 

tJ:ie::..~p beihq sampled wtiile. the: se:cond·, aspi.ratGx::--.mixes- the 

next cupc--on· the- tray; 

Ammonia Nitrogen 

Analyses of ammonia nitrogen were conducted using 

Technicon Auto-analyzer Industrial Method 18-69W. This is 

essentially the same technique employed for Total Kjeldahl 

nitrogen with the omission of:the selenium dioxide/sulphuric 

acid/perchloric acid digestion step which ammonifies the 

organic nitrogen fraction. Ammonium chloride standards 

provided calibration. 
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Nitrite 

Technicon Auto-analyzer Industrial Method 35-69W was 

used for nitrite nitrogen determinations. This technique 

involves a reaction between nitrite and sulphanilamide under 

acid conditions to form a diazo compound which in turn is 

coupled with N-1-naphthylethylenediamine to form a reddish 

purple azo dye. Colorimetric determination is then made on 

the sample. 

Nitrate + Nitrite 

Nitrate plus nitrite nitrogen analyses were performed 

using Technicon Auto-analyzer Industrial Method 33-69W. In 

this method, the nitrate nitrogen is reduced to nitrite in 

a copper-cadium reduction column. The sample is then 

analyzed for nitrite nitrogen as described previously. 

Chemical Oxygen Demand (COD) 

Early COD determinations were done according to the 

dichromate reflux method described in "Standard Methods" 

(1971). During the research period, a modified version of 

Technicon Auto-analyzer Industrial Method No. 268-73W was 

adapted for COD analysis. A Technicon Solidprep II sampler 

was introduced in place of the normal sampler. This allowed 

analysis of samples containi~g suspended solids and provided 

high shear homogenization of samples with the dichromate and 

sulphuric acid reagents. Standard solutions were prepared 

using a combination of urea, beef extract and chloride salts. 
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The standards were first analyzed using the "Standard 

Methods" reflux technique and then analyzed on the Technicon 

equipment. The standard peaks produced on the Technicon 

System were then calibrated ~gainst the "Standard Methods" 

results. This complicated approach was necessary since the 

sample digestion time in the. Auto-analyzer was shorter than 

that in the standard reflux test. This resulted in a lower 

degree of reaction completion with the Auto-analyzer when 

heterogeneous sewage samples were tested~ With this pro­

cedure~madifi.cation_:.in,-e££eet~AutO--.anai.y~COD~:resu"i.ts-=- for­

sewa:g-e.::::samples~we.re:=gene.r.ally_:'on.ly.-s:;to~7-'perceat-r-1E>wer-r-thaa,.,; 

resul.ts =;obtained -:vi-a"'the~-" ~andard--:.Method-s-'! techn-icp~e. 

Biochemical Oxygen Demand (BOD) 

The 5 day, 20 degree C BOD determinations were per­

formed,.Oaccordingcto.:::the~7method. described=in. "Standard ;Metll~ 

pages--489-495- (1971) ~ 

Total Soluble Organic Carbon (TO«) 

Twenty micro-liter samples previously acidified and 

purged were injected into a Beckman Infrared Carbon Analyzer. 

The resulting peaks were compared to a calibration curve 

prepared from standards using anhydrous potassium biphthalate. 

Suspended Solids 

Gelman .45 micron glass fiber filters were dried, but 

not washed, for at least two hours in a 103 degree c oven. 
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They were then cooled in a dessicator and we~ghed. Suspen­

ded solids determinations were made by filtering a minimum 

of 10 ml of solution thro~gh a filter. The filter was then 

re-dried a~ 103.degrees for two or more hours, dessicated 

for 15 minutes and re-weighed. The increase in weight was 

taken as a measure of. the suspended solids. 

Dissolved oxxgen 

An Electronic Instruments Ltd. Dissolved Oxygen Meter 

Model- lSA was used- for, dissolved- oxy.g-e-n~ determinatiOns. I~ 

was:; found necessary" tl::h.>calj M-at~ tha.-: px~-rouqh1y=- once;:-, a-::, 

week·. 

Temperature 

The D.O. meter also included a temperature probe and 

thl..s._was_used-for··temperatilra·m.easurements.:::of::the: feed"-streams 

and theRBC;. __ Normal.:. c:ent-i.gxada- calibrated':.laboratory:,ther~ 

mometers were used to measure columncefxluen~_and-air_ tem­

peratures. 

pH was measured using an Orion Specific Ion Meter 

(Model 401) together with Fisher Combination electrodes 

{Cat. 13-639-90). 

Alkalinity 

By using the Orion pH meter, 50 m1 samples were 
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titrated to a pH of 4.8 by addition of .02 N sulphuric 

acid. Results were expressed as mg/i as calcium carbonate. 

Methanol 

Direct aqueous injection gas chromatography on a 

porous polymer column was employed to determine methanol. 

Filtered samples were acidified by addition of concentrated 

hydrochloric acid to a pH around 2.0. The samples were then 

frozen until the time of analysis. A aescription of the 

procedure is given by Fox (1973). 

Gas Analysis 

A Fisher Hamilton gas partitioner (Model 29) with 

helium carrier gas was used to separate and analyze the 

mixture of gases collected from the denitrification columns. 

A Hamilton Co. (Reno Nevada} Gas-Tight syringe, 1001-LT, 

was used to inject .5 mi gas samples into the chromatograph. 

A 42 inch silica gel column and a second column consisting 

of 13 feet of molecular sieve 13x were employed to separate 

the mixture. Known mixtures of oxygen, nitrogen, carbon 

dioxide and methane were used to. provide a calibration of the 

instrument. Operating details are discussed fully in the 

manual which is supplied with the partitioner. 

Dissolved nitrogen gas concentrations in liquid 

samples were also measured using the same gas partitioner. 

A small liquid retention chamber was added to the system 

into which .5 mi samples of liquid containing dissolved 
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nitrogen were injected. The nitrogen in the sample was 

stripped from the liquid by carrier_ gas which passed through 

the chamber on its way to the partitioni~g columns. Cali­

bration was provided by saturati~g aliquots of distilled 

water (with nitrog~n_gas) at various temperatures between 

0 degrees C and 40 degrees C and then injecting these·into 

the special chamber. Saturation concentrations of nitrogen 

in water at varying temperatures were plotted from data 

given in Fair and Geyer (1968). A flow diagram of the gas 

par~tionero as:::J.t was;; .set::~ ·f.o.r. di.ssol.ved::qa-s·o anaqsis~ is-­
-

gi.Yen-: ii1 F~i.gure- B;;..L NOnnalJ.y· about' five li:qui.d-:.injections­

~ou-ldc be- made- before: it~ wa:s- necessary. ta· el.i.mi.nate the pres­

sure in the-- system by- shutting- off the- carrier gas- so -that 

the chamber could be emptied and dried. Even if larger 

c.apacity_chambers ·were used, it is _not. recoiiOilended _that. more 

important= to-- en-snr:e= r:ap±tL st:rippi:rup of: the= dissol:Yeit:' .gases 

byv the- he-lium· after,- i~-on-,.. I-£ suj,.pp-inqc is-- too, si:ow7 ­

separation of the gases in the columns can become a problem. 

Also, frequent replacement of the Drierite packing in the 

tubing following the liquid injection chamber was necessary 

to prevent water vapor from reaching the silica gel and 

molecular sieve columns. Figure B-2 shows typical results 

of a dissolved gas analysis using effluent from the denitri­

fication columns. 

It should be noted that dissolved_ gas analyses could 

have been facilitated somewhat by inserting a four way valve 
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into the system that would allow the carrier gas flow to 

by~pass the liquid chamber. This would allow chamber clean­

out and replacement.without affecti~g the_ gas flow through 

the detector which is sensitive to_ gas flow fluctuations. 
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FIGURE B-1 

FISHER HAMILTON GAS PARTITIONER (MODEL 29) _ 
GAS FLOW DIAGRAM FOR DISSOLVED GAS ANALYSIS 

HELIUM FLOW 
FROM CYLINDER 

t 

EXHAUST ••-­

FRONT VIEW OF PARTITIONER 
WITH HOOD REMOVED 

A: DRYING TUBE D: LIQUID INJECTION CHAMBER 
CONTAINING DIERITE WITH PORUS DIFFUSER AND 

B: THERMAL CONDUCTIVITY 
SERUM CAP 

- DETECTION CELL E : PVC TUBING CONTAINING DIERITE 

C: SMALL DRYING TUBE F :_ SILICA GEL COLUMN 
WITH DIERITE 

G: MOLECULAR SIEVE COLUMN 
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WIGURE B-2 
! ·~.1 ' ~~I i ;,, 

SAMPLE OlJTP,~:fF fQR DIS~Pl¥~~ @~S ANALYSES 

100 

80 

EF2. AUG 16 
w GAIN:1Mv­..J 

ATTENUATION : 1 Mv­
C3en 60 

a: 
.... I c w 
..... 
VI 

a: 
I ~ 40 

a: 

20 

l10.! I 

o~-------------_-..~...-~.H~.-.~~~---.-,- .....~-,.~.----~~------------
, 0 2 4 6 8 

' 

Tjf¥1~ AFTER ~~~~C~IPN ( min) 
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c 

PROGRAMME Ill 
~ 
iNI\ NNNN 1"1\1';1"41 "t'tllll'f 1111'11 NNI\JI\ I'II"I"'I'INNNNNIIII"IIII.,I'fl.,l\1'<11\ NI'41'11NNI'tl""r"t'II\;1•NNNNNNNNNNf'INI'INNNAI'IIN 10 

• 

iM"'~~NN~!N~~~Nt\~INN~;~UJNI>\N~'~~lNNNNN~N~fliN~NfN~NNNNNNN ..N~t~NNNI'JNNNN~INNfliNNNNNNNN 
ii\INNNNNNNI\I~NI\NNNI'JNNNI\NNNNNNNNNNNNNNNNNNNNNNNNNI\.iNI\NNNNNNNNNNNN~INNNNNNNN 

•---- -:--:­

~AM TST 73/73 OPT=o TRACE FTN 4.2+p383 12/0~ 
----·---------­

PROGRA~ TST CINPUT,oUTPUT,TAPE5=INPUT~TAPE6:0UTPUT) 

C THE TWo CHIEF REFERENCES USED FOR THIS PROGRAMME ARE 
c

• C 1. LE~ENSPIEL , CHEMICAL REACTION ENGI~EEAING , ~HAPTER 9 
~---~~~------~-.-TI=-~~.P~A~N~~---,-.-VA~R=I~A~T=I~O~N-=I-N-A~X~I~A~L~M=I-X~I~N-G-=IN~A-N__A_E_R_A_T_I~O~N~--~~~ 
' C TA~K· MASTERS THESIS, DEPT. OF CHE~ ENG., MCMASTER 

C _UNIVERSI-TY , 19~6. - · · ~ 

c PERCENT DYE HECOVERY 
c 

AMT =CCll•DT~VFLR*l0•**(-6) 
------------CUL1ll-.=.-At.cT.-------------------------­

00 100 I=2tN ..
AMT = .S*CCCl)+CCI•l))*DT*VFLR*l0.*~(-6)
LUL = I-1 
CU[ CI l = Cf;f (I lJ! ) +AMI 

.. ·~ 

. -177­

..... 
. ..... 

http:CUL1ll-.=.-At.cT


85 

TO 204 

. 95: 

110 

- -- --- . -- ... - . ~ - - - . - .. - .... - ... .. -· .. - - - - - - - - ­- . . - - . . - -.. ·- . -- . - ··- . .. .. - . - - ­

PROGPJ'M TST 73/73 OPT=::o TRACE · FTN 
 4e2+P 

c 
TBARtl) -= VOLT/VFLR

60 .un ·- 1• .
·I ·= 1 
ZO~E =CULtN)/2.

201 IF(CULCI)eGT•ZONE) GO TO 200
NT :=·ANT • 1. 

65 I ~= I .+1 
GO TO 201

.200 TBARC2) ~= 


70 C
c 

_ · C~LCtiLATIO~ NUMBER oF TANKS IN SERIES . 
·c ·­

7$:3 


C..- TRUNCAl'£.::: T-CJ Ne\~51'7WttOt.€7 NWIS£R=.QF ~:&. 

c~ 

AWJl~ -~~tJ<S"ClJ: 
--Bn~----------=~~~~~~~TT~~~~~~--------------------~------~ 
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1 

•- a 	 --- ____ ._ ______...__,_ ._..._----·-----~--• 

ROGRAM TST· 73/73 OPT:o TRACE 	 FTN 4".2+P383 
·-··--······ ..• -------·-·· -····-·---	 -----. ·------.------- ­

214 	COI\TU~UE 
CALCIILATIO~ os:- C/CO VS THETA VALIIES ECR CSTR MODElS 

c DERIVATIVE AT PEAK oY~ CONC METHOD USED 
c 

DO 101 1=1,2
·-----.X=A-W..C-1+*-*-A··w-+..w-------------------:--------- ­

XX=.l•
BB=l. · · 

· 216 lf(AW(I).EGeBB) GO TO 215 ­
X)C:X¥*(.AWCI)-BS)

BB=BB•1• . 

GO TO 216. 

·215 	FACT = XX . 
THETA (J, 1) ·:0 •. 

·· · DO 102 J=2t21 ....., 	 . . ... 
THETAUJ.J) .: THETACitJ""U • .o5 ·: · -	 . . 

102 CCOlltJ = X/XX*THETAll,J)**(AW(I)-l•)*EXP(-AWCI)*THETACitJ))
no 1Q3 .t= 22,37 	 - · . . ·. 

~---

ETACMM) =CRAG/CNOT
105 COf\TINUE 

. --·--..~----··--A..CALCULAIIOL.QLC/...c.O-V.ALUES Y.5.__IHE.IA FOR_D/1Jt-.M£.It:i0u.------­
C c 

1 

AMU(Mti)=l.4
U (fo4) =•5/DULP <tH 

45 AMU(MtJ)=A~UCMtj)-.QOl · 
.... - ... - _______.ER;LCOS.C-AMU-t.M.t.~ -l.IS-~JAM.Ui.Kt lU----:-o:---:::-:-:.::-::-:---:::--;---:---------- ­

FR= FR- A~UCM,I)*OULP(M)+ e25/(AMU(~,I)*DULPlM)) 
· IFCFR)45t45t50 

·­ --- ··­ ~ . - - - · ­ ~--- --.­ - - ---­

.. 
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- -

I 

70 COf\.TINUE 

- -- .·.. 

---·~ ...... ,. ... _....... ·~ 

.. "':_ ~ :.. ~ . .;: _.•. : . ..-...: ... . ._ . ·- . . . .. ~ ·- .. ·- ·.- ·':" ~ = -- :. - --:; ... •· !'. ~. ~ -- .._ .. ~ -- ':. :.. .. • • .._ .. .. ... - -·. ­

'ROGRAM TST 1311'3 OPT=o TRACE 

50 	AM~CMtl) =AMUCMti) + .00001 ­
FR =CQSCA~UCMtl))/SlNCAMUCMti)) - ·.
ER= ER - A~!! (M, I) ooyl P (M) + e251 (At.flltM, I J*DLJLP UU)
IF(FR)S5t50t50 · , -­

55 	AMUC~tl) =AMU(Mtl) - .0000001 
FR 	 = COSCAt"UCMtl))/SlNCAMUOhiJ) .·_: ·_ . - _;: 

FR =FR. -·_~MOt~hilooULP(MJ. + e25./CAMU-C~,Il*oliL:-:P;;:-;;-CM-:-)-)-=---.-.----- ­
IFCFR)55t5St60·--:

60 	 I= I + 1 . : · '· 
AMI 11M til = AMll CMt I-1) •3-141-1 

80 COt\TINlJE 
---- _____E PRI-NT INSIFUITl.ON.S....A..NP_r;>.ALA PR~SENJAIICN....EQRNAI.----------

c 

PULSE INPUT OF RODAMII 

CONDITioNS¢,/.//) 
¢,F7.2t;t .LITRES*)= 

= ~tF7.2,¢ LITRESI-MIN; 

#tF7.2ti! MINit>= WRITEC6t70B) DYIN . 

TEST METHOD USING A 

THEOQFTJCAL OFT~ 

708 fOJ;MATC¢ ¢ 9 ¢ 	 DYE JNJECTICN ¢•F7.4•¢ LITRES'I-)= WRITEC6t709) DYCON 
.. 7.0.9 .FORMAJ_(.¢ --'~--•*------·=--------CCI\C__OLO.YE_AODE(L:_¢, Eln..3t~--PPB¢_)___

wRITEC6t7lO) C~OT
710 fOJ;MAT(i! ¢,¢ 
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·~-······-"-··- ................ , .. .._ ... __ ._ ......... ~ ... ~ .. -- --- ...._____ ···--·---··--------'"'------· -- ·----- .......:.. 


~~M TST 73/73 OPT.=O TRACE 	 FTN 4~2+p383 12/C 

. wRITE (_6 '711)

711 FO~MAT(¢ ¢,¢ TEST RESULTS AND CALCULATEo VALUES~,///)


~RITEC,,712) TPEAK 
712 	FORMAT(¢ ¢,¢ DYE PEAK TI~E =¢,F7.2•* MIN¢)

~RITEC6t713) TPl 
713 FORMAT(¢ ¢,¢ PEAK/THEOR. DET =¢,F7.3)

----WR-l.TE.!-6+7--14 ) TPt!------:~-:-::--:7:":=-:-::-:-:::-:::-::--::-=::----:-;-:::-:-:---:-----------'--:-
71~ 	FO~MAT(¢ ¢,¢ PEAK/MEAN DYE RES =*•F7.3t/)

wRITEf6t715) TBARC2)
715 	FORMA (¢· ¢,¢ MEAN DYE RESIDENCE~ iltF7 .2.-. _ MJNil) 


~RITEf6t7]6) PER 

716 	FORMA (¢ ¢,¢ PER DYE RECOVERY = ¢,F7.39¢ ·•.-.e) 

~RITEt6t717) DEAD 
·717 FORMAT(¢ ¢,¢ 	 FR. STAGNANT ZONE ~ ¢,F7.3•/) : .. 
1 1a ,~~ift~~~·II<S Cl ~- CSTR S IN SERIES UsiNG THEORETICAL RES. = 

6 ¢tF7.2)
WR-lc-T_E C633l9l TANKS.C2)

ng--;; f!OJUfA-¥( E -;S# 

·=­

EXP~RIMENTAL RESULTS C/CO VERSUS 

728 FORMAT(¢ ¢,¢) THETA C!CO 	 THETA 
6 C/CO~t//) . 

WRITE (6 t 729 l ClHETA C 1 t J) tCCO 0 •'-') • THETA (2 • '-') t CCO C2t ..J) t J=2 t37)
5_. ________7 29... F ORM~tT...(..lSX..,_E.:.._..J_, 6..X.-t--ES..e..3.-t.lliX.t--f_S • 3,.6Jl,..ES . ..31 	 . ----- ­

wRITEC6t725) - . . . . 
wRITEC6.t730l - , ' 

730 FoRMAT(~ *•¢ FoR DtSPERSION MoDEL~t/1///)
hRITEf6,727) 	 . 

2 FOR~AT(llO) . 
2.,----.-.;..~M:~~~-c~~f~~:D~~~_._l_._-l..z::i..a.~.:E:.l..._~&.*-t:..~E~:...AY.JK~T.s....,JJ,.JM::uE;;.,_JO.!J.U.uTL...aSLJJ..LDu:f~I..Jl~Mui..Jl_[f:....L0Ll:lRL..LDu/~lJJ.LII---tC:J.AU.l...C:C;.Ll.l.li(..JAUI[.JJ~OlJ!N~.!.i'i!!J)L___~l 

-181­



.· 

PROGRAMME II 2 

$.:,J!lTHn.6il~D3_llqNR.,-3-'t100tl,.3-fJ.tf;,_;-·ooo~~E-£:CR6FT·- - ---------------- --- -- ----.­
$ SC!f€!l,-S.£"-R-5,._:~:ORE-S2~$FTNtJ ts..; x,i.;·p-r·-----.. ----- ------- -~- --- --·- -- - ----- -· ____,...,._...,._ -- ~------..........-~~-

PROGRAM LINRG LI 
-~---------- - --~---- ·-. ------------------- -- - - ·-------- ------------------ -------­c LI 

C DOUG BEECROFT, ENVIRCNMENTAL PROTECTION SERVICE, SEPTEMBER ~972LIC ----- --- --· -- ------ .. --- ---- -- -- --- --- - --- . ------ LI 

C THIS PROGRAM USES LE~ST SQUARES TO ESTIMATE THE REGRESSION LI 
c·- -· ---. COEFFlCfEN'fS--F-OR--~ANY-CiNEA·R-FlfNCTfCJN IN\foultNG-LtSS~t-HAN- TtN -~Li 
C INDEPENDENT VARIABLES. CUTPUT INCLUDES MEANS AND STANDARD LI 
C . -- ·--- DEViAliONS- FO.R --All. V~RIAELES~--THE CORRECATION-HATRlx-;· - ----- ------- LI 
C REGRESSION COEFFICIE~TS, AN ANALYSIS Of VARIANCE TABLE, THE LI 
C -- - . - ··sa·uA·R~O·F-THE--MUl.TIPLE CCJCRELATION-COEFFICIENT-,-ANO-A TAB[E ·oF -ll 
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---- ---~~~------~-- . 

c .. RESIOUALS. THE REQUIRED DATA CAROS ARE LISTED BELOW. 

c 

c COL ... -1-. 8 Pf<OBLM,. AN.EIGHT CHARACTER ALPHANUM£RIC.­
c CODE TO BE USED IN IDENTIFYING THE 
c F~OeLEH. _ - ­
c 
C COL. 9-11 ~PT~, THE NUMBER OF OBSERVATIONS. NPTS -· 
C MUST BE LESS THAN 25~ • 

. C---- ---- ---------·-----· --------- ··- ---- ---- --- -- --·-. ... -- -- ­
C COL. 12-13 NVA~, THE TOTAL NUMBER OF VARIAeLES (THE 


_c ________ ----- ---·-- ----- ___J.,!UMBER.OF -INOEPENDENT_VARIABLES -t ~) •­
C NVAR MUST BE LESS THAN ~1. 


_c __ .. --- ·-· --------- -··-. -·--- -- ­
C 	 COL. 14-15 NDEPNO, THE NUHBER OF THE DEPENDENT · 

--C-----·-- -ll AR1A.BLE..-T.HA T-IS,_J.HE COLUMN-QF-_.JHE.-lN.P 

C DATA MATRIX CONTAINING rHE VALUES OF THE 


. C.·------·. ________ Q£P£NDEN.T..VARIA8LE •..___ -----·------ ­
C 

_c._________a.__..COL~---h72-..V.ARIAB.LE......FORHA LCARO_ .HITHJUliCtL.THE......INP-U 
C DATA IS TO BE READ. SEE THE BHD MANUAL, 
_c.__.~ . -~~~---~~ t E.._TLJ.E-----1~-~-P..AG~ 22=2.8.,....F..OR.....AJtO.RE.;..C.O~.... 
C DESCRIPTION OF THIS TYPE OF CARD. 

_c____ ----·--------------- ------------ ­
C" - c,. TAE:.:IN-PU:T~ (}~JA-. EACH--CARD· CONTA~NS~ON~~-oe.sERVA'TI1lN=-

_C:..:_ _________. ___ __________f-A.c-H':"V:ARlABt.--E-.- __ THE:.:.GENERAb~FflR*"'_eEf"::r~-: 
C'": UPBT-: Ot T-JF· ISc-. THES1HtE: As::.. Fmt~JHE_~ -- - . 

_cT.....-~~-~----~--------~~----ERaG~;,:;__(_BMB-2.~ANUA.b.z..P.J.\:&E-5::-11-t=2:tii- - - --~ .. 
c:: 
.c::~ ~ .____ ·-·-··- .D;___ E.OE:~CARD.;; tS.lllRDA-Rtl--;G-:::C;~I~N~ -GREY~.SJ.Rie.£D::Em~--~; 
c·. 

__c__ - ___ NOTE--~ .CARDS __ JL THROUGH C HAY BE--_REPEATEO .AS OF:TEN..AS DESIRED. 
c 

__ -~--- _. 	 COMMON_ CORMAI..tNINDE.E.... __ -··. 
REAL MEANS(10J,COEFF(9) 
o:I-MENSION... OAT MAT (250 .,10-l • C-A~lUSE (250.,1...0 l,RESID1251ll_..liARFKT.::t9l ~-- _ 
OIMEMSION~'CD1HtAH:ill-:y4.-il l~SlJ.(l:J~;sPA-RE-l9t.Y.nl:AR.Hru~:¥-F[.~12-5iH.; 

.. EDOliVAt:ENC~- tD.AIUSE:t -1·1 ; VF-~T l11J '; • HJJnJSE=( 25ll. RESIIln.1.l~-- ____ ---· _ ­
e:our~Ala't':E" ( V'ARF-flr-...-..aAnSE1: 

_._C:_;_~--- ·---~-- ·- ···--"·-·-----~-~-------~-- ·-------- ·--------~------ -·-- ~ c· READ -c-.oNT-ROt:: IN-F..:O.RttAitl:C.N . 
c_ ·--- .. . 	 .. ----· . - ·-­

10 READ 99, PROBLM,NPTS,NVAR,NCEPNO,VARFHT 
___ .. _99... f0RMAT __ C.I'8,I3,212/9A8J --· ___________ _ 

IF (IFEOF(60l.EQ.-1) STOP 
-~--~--J).Q~"1.0,J,'=~ I:=1.,_NPlS ..____7 ___________ ---·- ·------. --------- ---.-~~-~ ---- ­

100 READ (60,VARFHTl ~DATMAT(I,J),J=1,NVAR) 

__________ NINOEP-=_NV_AR_--~---- ___ ---··----- ___________ ---·--· 
c 

... C___ . --· . _CO_M_P.UT~ __ ME_AN_S_~Of: ~Ll .. VARIABLES, CENTRE DATA 
c 

__________QO __ 2_0_Q_J=1,JiY_~R---- ­ --------·· --~-----1
HEANSll)=O.O 


. 00 30.0 . J=1, NPTS _ __ 

3(0 	HEANS(Il=MEANS(Il+OATMAT<J,Il 


HEANS(!l=HEANS(l)/NPTS 

DO 200 J=1,NPTS 


2 0 0_ 	 0~ TUS_E_( J, I)= DA TMA_I. ( .,_J_LI;) ,::_MEANS~ I) . 
c 
C COMPUTE SUM OF SQUARES OF DEVIATIONS FROM HE~N FOR VARIABLES 

.C 

00 SOC I=1,NVA~ 


SU>=J.O -183­
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_ 

-------------------- -- --

GGO Stl)=Stl)+OATUSECJ,t)••2 
____ SAVE=SQRT (C) (I))_ ___ _ _ 


00 500 J=1,NPTS 

500 OATUSE(J,Il~OATUSECJ,I)/SAVE 
 ' 

PRINT CONTROL INFORMATION, MEANS, AND STANOA~O DEVIATIONS 

____ _p_~INL~_tu_P_~QBkft.t NPT...S.t.N_V~_F, ~.Qf.P-_~0__________~ ----- --------- _______ 
44 FORMAT t27H1HULTIPLE LI~EAR REGRESSION 

______._,________l1~H-~_pgot;~L_E_!LCQ_Q.E, A23 ___ -------· __ . 
2 /23H NUMBER OF OESERVATIONS,10X,I3. 

___ --~------/2_0H__!'I_U_f1~.P~_Qf_\L!R_I_Ag~-~-'-I_1.6______ _ 

4 /29H DEPENDENT VARIAELE IS NUHBER,I7/ 

5 __L~Q1!.PJ1_f;~ ANQ~l;ANOARD OEVJATIO~N;...::::S~--, 

G //11Xt~2HVARIABLE NO. MEAN STANDARD DEVIATION/) 


----=00 10_3LJ_=1, NV~-~----------------_
SAVE=SQRTCS(l)/CNPTS-11) 


-~03]_ PR;J:.t·HJ.~,__I_, M~_Ati~!_Il_,~A~~-- -------- _____ --···- _ 

-~--------~·22 FORMAT t1&X,I2,2F15.5) 

c 
c~~---coM'Pur"E·"A'No PRINT coRRELATioN MATRix 
L ____ -------- ­

o& J o:n:~ r~:1-.=.NV~~ 


Dtl.40:U::..: J~V~ 

-----=-cGRMA:f.;.t~I.,4J~;:][iil.~.;~--------- ----- --­

DEE-3mr-: K~iNJ1!F-s-·-~ 
---rh-n. :..ctifuiA-Tfi:~.lt=-"'ComiA=t11:=-,;J-).;frifni:s~-xr•oAius.ErK.-~•~ 

PR-'IltT:~sa-..-:l-I.:.r:I=1.,NVAR•)- 7 

--8a:":==-FGRtiil.J~/-1:9HritoRREL:--ATI-Gl\.t'ATRtXJ'-:f-9x-,_:1-cni7-Jtii21"t-': 
00 800 1=1 ,NVAR.--- ao 0-PRINT--77~ I; ·ccoR-HAT(I-,I("f ,K=i, NVAR)­

__!7 fOB.t-1AT (8X,~~_!_~3X,1JF9.5) 

c 
c~ TRA~F.:ER.:-0-EE:E-NOEN_T;

·------.. 
~V A.ffi MH£_-T 0 · LAST=:-:RM~Atl:O='l..AS·F::;"CUL~HN-

---· ---- ­
C1 


. _____ po-:o:-1~ .;: .I::n-:-~YA.~-~. _ _______ _ 

1 a -9: ~EEr-,:!;I- i. 


_"_IF, ( t-WE~-Nn:..E.Q..~~N.VJtfU:..:GQ.-=TO~~- ----- ­
00.,.17--: ·r=:1,.NVA~ 
SWAP=CORHAT(I,NVARl

---- ---CORMAT-Cl-~ NVA.R):coRMATTI~-NDEPNDl --- --·----- -------------- ------ ... 

17 CORHAT(I,NDEPNO)=SWAP
- --·oo-i&--t:f~-NVAR -------- ·- --------- ­----- -------------- -----·-·--- ------

SWAP=CORHATtNVAR,Il / . 
----CORMAT (NV-ARt Il=C-OihfAT (ND-EPNO., I-,-----·-------- ­

1& CORMAT(NOEPNO,I)=SWAP
----- IVAR(NffEPNOl£NVAR-- ---·· ---- ·- -------· ----- -·-- --- ------- -----------­

IVAR(NVAR)=NOEPNO 
·-- --- -· -- ­c 

c COMPUTE PRODUCT OF T~~~SPOSE MATRIX OF X VALUES WITH Y VALUESc------ -· --·-- .. ·-·-··-- -.. --------- -- ­
32 00 900 1=1,NINOEP 

SPARE ( I ) =0 • 0 . 

L=IVAR(!) 

DO 900 K=1~NPTS 


9Jo SPAREtil=SPARE(!)+OATUSECK.,L)•O~TUSEtK,NOEPNO)- . - .... ­c ~ 


c COMPUTE INVERSE OF CORRELATION MATRIX 

c 

CALL MATI~V 


c -184­
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c 
c 

. PR.INT 66­
66 FORMAT (//24H REGRESSIC~ COEFFICIENTS 

1 //11X,27HVARI~8LE NC. COEFFICIENT/) 
CONST=MEANSCNOEPNO) 

_ 00 1GDO 1=1,NINOEP -
COEFFC!l=O.O 

.... L=.l VA R tJJ. __ .-. _ .. .. · ___ .... ... _ ..... __ ___ _ __ . . . _ -·-· -----­ ____________ 
00 4CJ K=1,NINOEP 

400. COEFFlil=.COEFFliJ+CORMATli,KJ.•SPARE(K) - ------- ----·· 
COEff(Il=COEfF(I)•SQRT(~(NOEPNO)/S(LJJ 
CONST=CONST-COEFF.UJ•HE~NS(L) ----. --·. -------·­

1000 PRINT 55, L,COEFF(I) 
---~--55 ~ F..OR..MA..Lt1.4X.,.I2, E2.L5J---~--- ----­

PRINT 14, CONST 
____ -14 .EORMJlT__(/i.1X,.38HCO.MSIANT.:..TERtt IN PREOICTIO~ EQUATIQN.-._;: 9 F.1.2.5./.) __ 

c 
___ _.c .. ____-PRINl'-. .ANAL.YSIS._Q£..-li.ARI.ANCE AN[LCORRELATION-COEFF.IC.IEla 

c 
-- ·-~-- ----R E.G.SS= D...Jl ~--- .--...­

00 1040 I=i,NPTS 
-- ----------YH"L-lt) =CONSl~:__ ... ----· ----------------- ---------------·--­

00~1&5i~ J~;N~NDEP~ 
____ ------ U=-1VAttU.l1 ___-. ---· ---- _ _ --·-·------··--- _____ 

1051t'~ YF.-~-t f·I l -;="' F-I·t ( I l +G13E£F+J.l~~.:.n~~t.--t' 

-------------. RES"I.atli.a;DA-tiUri I'L~.ll:.o.&.l....·-~-~----- ------­
1Jl4G ': REGSS~.G:S~i:--Yf":II-1 D ~~-NOEJl:Nfll:; 

·-- _ _ .... _ TOJ1.UlG~J~PTS~ME1lN5-lliOE£r\:tll"'42:"c: __ ----- _ ....... ______ .. _____ 
TOTSS=TOTAVG+S(NOEPNO) 

_ -·-- __ RESSS=TOTSS:-REGSS _ . _ . 
REGSS=SCNOEPNO)-RESSS 

---· ·~ ____ REG:HS~..RE£.SS./NINDEf.-_ 
· n-NP.TS~~-:. 

... ___ J-~NPB::::NVA.fL:.. _ _ . _ -·-­
V~RVM~~RESSSlJ_~ 

. ____A=-R£G~V.ARYNC:._ . 
CO:RR80:;;REGSS/5:::UUlEPNDl. 

~-" _~-~-·'PRINT '..1itl7.&.LO=fSS:,:.NPj'S~J:tT=AVG.$UIOEI?MDL9 I-~i.NrmtEP~..8BatS:tf=--t~ _ 
1 RESSS,J,VARYNC,CORRCC 

... _11C_.l. .F.ORMAT... (21HO AN_ALYSIS_ OF \} ARIAt\CE/1.HO ,12X, 71HSOURCE OF VARIATION 
1SUM OF SQUARES DEGREE~ OF FREEDOM MEAN SQUARE,~OX~1HF 

. ___ 2_ _ /1H0,1.2X.19HTOTAL_ftNCORRECTEO),F1.6.4,I1.5.11.H _,27X,4HM£AN, . 
3 F1&.4.14X,1H1/1H ,14X.17HTOTAL l£0RRECTEOl,F16.4,I15/1H 1 21> 

------~-- --~- ___ ..10.H.RE.GR~SS.IO.~~t.f..i§..._!t_,_.l_1_~ f.2.1..!!..~ ,.fJ•.~!!..ltL1Ji_,~_~l(_,_81:(~_E_S.JCUA.L£16. l 
5 I15,F21.4/33HOCORRELATICN COEFFICIENT lR••zJ =,F9.5) 

c . -­
c PRINT TABLE OF RESIOU~LS 
c - --- - ----- ·-- - ·--- ·-~· ·­

PRINT 12 
.__1~ FC~~1A:r _{1_9H1J.AB_L_E __ OE__Rf.SIOUJl_LS __________ -------­

1 /1HD,4X,29HOBSE~VATION NO. OBSERVED Y,8X,8HFITTEO Y,l 
2 8~RESIOUAL/) 

DO 1060 I=1,NPTS 
1~60 PRINT 13, I,OATHATCI,NOEPNO),YFIT(!),~ESIO(!) _ 

i3 FORMAT (10X,I3.10X,F11.S,6X,F11.5,5X,F10.5)
GO TO 10 ______ ~- _________ __ 
END 
SUAROUTINE MATINV 

c 
c ~ATRIX INVERSION 
c -185­
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_ ____________________ _ 

COMMON A,N . 

OiflENSION A(10,10J,INOEXl10,3) 

E_QUIVA_LEI\CE (IROW,JROW) ,(ICCL_UM,JCOLU_~1, (A_~}lX,J,$1!A~.J_________ 

00 60 J=1,N 


6!1 INOEX(J,3l=O 

---------· ­ ---·-·-- ­

-··-------------- ­

C" ------ INTERCtfANcG€.--R·o·w-s.-- ·-- ---­
C''-------on-:- 2ti.n~: -L=t;N:::--·---~--

S~rAP:A t IROlr;L1'­........,.---A ( IROt~-;tJ =A-tiCOLUM,LJ ----------- ------------------------------ ­
2!1_0 __ ~J. I_G._QLU~~l:_)_ =--~~A-~-- __ _ _ _ ___ __ 

C,. 
~-

31.D:PIVffi~J:~~~l1~'!-t~u_11~ ' ___________________ 
'M.ICOLU!·h I£0UlMt;:~-- Q _ ­

_ PO" 35~ . L=1 -;_N" _ _ 
35-D~ A_::n:WLUM.~ll ::CA t-ICntUWjLl ~FIV'CT: 

mt= 5-slt- l-1.=1.-; N" 
--·----ynrr:E·Q.-ICOLUMJ GO TO 55o 

T=ACL1,ICOLUMJ
- -- ---- A.(L1~ ICOtUMf=-(f;O________ ------- ---~- --- ­

00 450 l=1,N 

45!l A Cli-,Lf=A tLi;"CJ .:.A ncot:Ut1;()-.y- -­

___550 CONTINUE
_c _ 

INTERCHANGE COLUMNSc --- ------ ­
DO 710 I=1,N 
L=N+1-I 
IF CINOEXCL,1l.EO.INDEXCL,2Jl GO TO 710 -·· -- -·-- -·- ----- --# ...M---·---- --­- jF!.oi..J=INOEx'fl.,iJ-- -- ---" .. --- ­
JCOLU~=INDEXCL,2l 
00 705 K=1,N 

SWAP=ACI(,JROW) 

A(K,JQOWl=ACK,JCOLUM) 


7:5 A(K,JCOLUMl=SWAP . .7:.a CONTINUE 
DO 73J K=1,N 
IF liNOEX(~,3).NE.1) GO TO 715 

7:;!] CCNTINUE 
-186­P=: TU~~J 

C 



__ _ _______ 

c 
c PRINT ERROR MESSAGE 
c 

715 PRINT 99 
99 FORMAT C61HOINVERSE OF ~ATRIX CANNOT BE COMPUTED-­ EXECUTION-TERM 

1INATED) 
-­ STOP -

END 
---- -------EI.bli.S.----·~ ·-· ------ ­ --- ­ --------~-----

$MAP=N 
...$X9 LG.Q______ -------·------ ________ . ------------------ -----· ­

LINRG-25 3 2 
___(4X,E5.•1,E&.-.1,E5.1).__ - -------- ---·- ------------------------- ­

35.3 20.0 10.98 35.3 
_.....2.9 ...z._za. o 11.13-2.9 .z.~-__ 

30.8 23.0 12.51 30.8 
_ _s_8.a..2n.. n ... Jt.4LS.s •.a ______ ----------------------------------- ______ 

6i.4 21.0 9.27 61.4 
_ ..71 .. 3 .. 2.2...L. ..8.. Z3..-1..1.•..3 ____________ -------------·- ----------------- ­

74.4 11.0 6.3& 74.4 
--- 7_6-..:Z.~ 2.3 •..1L.-B •..5.1L~7.6... 7 __ -----~ ___......:..._ ----~~~--~--~---~----

':1--IJ-...?..:c· 21. .. 0: 7-. 8-l_ 7C. 1 
_:--:s:~ i_5-"-' 2:ft,._tr-~--9..-Lb.57•5.:.____ ______ . ___________________ ---------- ___ 

4-VT4"· 21l~-(l.:· 6~4~46. 4'-; 
,_ 28.Y-922iL0..::.:12.-1.9-_.2.B .. .9:: .. ________________________ _ 

. z:s; 1; 21 ~ 0::' 11 ~.aca-~.za-. L _L __3;9.1 t9¥D~Z.--3.9_..1_.____ 
4&~a;z3~n-to;9-7 4&~a~ 

48.5 .20.0 ..9.58 48.5 
59.3 22.0 10.09 59.3 

.70.0 	22..0. 8.11.70.0 ___ -----· ­
7-lJ • 0 ~ 11;. tL. 6 • 8 3.:- 7tt • C 
7Jt.:. s~ 2J~O::E a'j_a:s-;;~7..4::. s.~-- _________ -~-- -·-·----·--- --~--~ 

-~~--------·-

TZ' 1' -zo-. o~ 1-. &a~.12,.1 
__ 5'8~1.~2iJ~.-liA1t1..:~,5B-'i1• _---­

44•Jlr- 211~ .O!.i .1}.-j; 81):-,4-r.-. 6':: 

_. ~~.:--z a • .n=:.- til-. -3 rr 3-3-. 4-. . _ 


2--a-.-.t.-~ 2o .o -u ..--D-a:: za ~ a-. 
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~~---------- -- -

PROGRAMME .113 


LINEAR REGRESSION EQUATION. THE NECESSARY DATA CARDS ARE 


OBLM, AN EIGHT CHARACTER ALPHANUMERIC 
CODE USED TO IDENTIFY THE PROBLE"• 

a.. " THE:... COMPUTED-: REGRE-5SillN" COEEF'i!CIENTS:. ~ "EACH<' --.. 
ESZ-NNI NG.: -W 1-JtJ:.; TillE-- CONSUJtT:o­

TERtt~AN£_-FOLLCHEtL·BY:-Tfl£-. VAIHABl.E-­
~~~~~~---------------------~~~~~·-~tN~OROER, ~S~·OCCiffi¥-1~ 

C1lLUI!NS~OF'=Tlft.:.. CAR!h.. 1£~: N1/A:R'-;:I-s.:...GREA-t£R·­

Cnt.. 17-30 VARY-NC,- TH£~ RESIDUAL; HE:Jlrt::sUUARE':OR• 
fli--Y-U-01;.-;&-----"'~----------------- --V.AlUAN£L..AB-O.U1 THE REGRESSION. THIS-­

STATISTIC IS GIVEN IN THE ANALYSIS OF 
f'!.-I"'-U-4:;.....J---""'~-------------V.AJUAN.CL.I.ABLE- COHP.llJED BY LIRRG OR ST~RG 

THE NUMBER MllSr CONTAIN. A:: DECI.HAL POINT•-

' 

0 

-

COL. 9-11 NPTS, THE NUMBER OF OBSERVATIONS USED 
~~~--~--------------------~~~~~~~~~~ION COEFF~E~~-­

NPTS MUST BE LESS THAN 501. 

COL. 12-13 

Iat: o.-o113~ c·_ 
~~~0~-~---~------------------------~~~~~~~~----------~----------~: 

C. COL... J.-..72 ---VAlUABLE FORMAT CARIL..TO BE USED IN REA.Onl 
0038 c THE INPUT DATA. SEE THE BMD MANUAL, PAGE 

0040 c 	 CARD. CNLY THE INDEPENDENT VARIABLE 


H THE 
REGRESSIC~ COEFFICIENTS WERE CALCULATED. 

P-u.&O-l........____.______.:______-'------------L~---U.Jc...:1l~.ED_VALUES OF THE DEPENDENT 
V~RIABLE ~UST NOT BE INCLUDED. VALUES 

0048 c SAME ORCER AS THEIR RESPECTIVE 
EFFICIENTS IN CAROB~·L---------------­

0050 c 
v.Aoo-IL--......__	u..u..;.._.__--LI'-------·~~0051 c E. COL. 1-.7.2..._\lARIABL E EO RHAT CARD _TQ_BE_US£D_I.tLR.E.AD.IJ 

0052 c THE POINTS AT WHICH CONFIDENCE LIMITS ARI 

0054 c 


http:R.E.AD.IJ
http:US�D_I.tL


'ti_FCRTRANC2e31/MASTER__ INTEGER WORD SI2E = 1 , • OPT~ON IS OFF , 0 OPTION IS 

c F. THE POINTS AT WHICH LIMITS ARE TO BE COMPUTED. THE 
c GENERAL FORM IS SIMILAR TO THE INPUT DAT1 
C____ - ------------------------------ ­
C 	 G. EOF CARD CSTANDARD C.C.I.W. GREY-STRIPED EOF) 

DESIRED­

COMMON ~OVINV,NVAR 

OA A T A U S I 7 6 76 
1 2e262,2.228,2.201,2.179,2e1.E0,2.1459 2.131 9 2ei20,2.110,2,101, 
2 2.093,2e086,2.08Q,2,074t2eOE9t2e064t2e060,2e056t2e052t2e048t 
3 2e045t2e042,2.Q21t2e000,1.e980/ 

NOTE -- CARDS A THROUGH F MAY BE REPEATED AS OFTEN AS 


OI,XMATRXC500,1.01 
DIMENSION VARFMTC91,COEFFC10) 

READ AND PRINT CONTROL INFORMATION 


6tk READ 99, PROBLM,NPTS,NVAR,_NL1lt,-VARYNC, tCOEFF-tll,I=i-.NVARI: 
99-:FORHAt- lA8.I3.I2;,I3-9f1.ft•ltr.sF.15-;St5XI­

IE CIFEOf·_( 60 I • Ett•~ t:- StoP · 
READ~83~-VARF~T: 

88 	FORHAT~C9A81 


D0~10 . I=t~NPTS~ 


XMAi-u-1-'[ 91l~1a.O _ 

100 	READ· C60-VARF+1TI lXMATRX(I J)t-J=29NVARJ · 

PRINT 77, PROBLM,NPTS,NVAR,NLIH,V.RYNC 
77 FORMAT C29H195 PERCENT CONFIDENCE LIMITS/


1 13HOPROBLEM CODE,A23/

2 23H;-:NUMBER OF. OBSERVATIDNS, I.1.3'­
-3 :c 2QH-::NUMS£-R;:-,Of;-:o VARIA1Jt-t:>S;I16t: 

4__, 328?~NUMIIER~ll"F'"'UM~TS o To:...eE~-cmtP\n£D•I.C./ j' 

5-:; 211f_:RES-l0DA-L-;...H~SQURE,ff-9;1t/77_~ 

6,- 24HO-REG"RESSIO-t\ -COEFFICI£t¥1Sti1_1X," 
1i 22flVIRIABE£-=- COEFF-l:tanT /!= 

DO 300 I=2-.lllVAR, 

J=I-1 


300 PRINT 559 J,COEFF(IJ

55 FORMAT CI16,F17.5l 


PRINT 44, COEFF(1) 

44 FORMAT C/10X,38HCONSTANT TERH I~ PREDICTION EQUATION = 9 F12.5///

1 18HOCONFIDENCE LIMITS//10X, 
2 48HLIHIT NO. LOWER LIHIT FITTED Y UPPER LIMI. 

c 
C COMPUTE INVERSE OF COVARIANCE MATRIX 
c 

DO 700 I=1,NVAR 
DO 700 J=1,NVAR 
COVINVCI,JJ=O.O 
DO 700 K=1,NPTS 

700 COVINVCI,JJ=COVINVCI,JJ+X~ATRXCK,IJ 4XHATRX(K,JJ 
c 

LN C COMPUTE COVARIANCE MATRIX 
LN c 
LN CALL H4TINV 

. -· 

http:CI16,F17.5l


READ IN THE CO-ORDINATES OF THE POINT AND COMPUTE THE FITTED 

READ 88, VARFHT 

POINTI1J=1.0 

YFIT=COEFFC1) 

200 YFIT=YFIT+COEFFliJ•POINTCl) 

COMPUTE PRODUCT OF THE POINT A~D THE COVARIANCE MATRIX 

CONFID=O.O 
~~~~------~~~~~~4V~A~R-----­

SPARE=O.O 

..__-V..L~~------.1.-'~~--'-..........J..I!HI..u...-a..;a3~5_._)~GOJ..u0_____..,3v.,Q__________ ~-~~-~ ·-· ------­
T=TVALUES(30l 

- . 

30.IE IIJX.GT.SOl.GO TO 411 
~~~~-----~~VAlUESt31) 

GCl T0~2D~ 

T=f.V.t.UESC32l 

50 T=TVALUESC33) 
.----~----­ 2D_£0Nf.ID;;SQRI-lCONFID•VARYNCJ,_,•'-~I'----------~-­ _·--­

UP=YFIT+CONFID 

USASI FORTRAN DIAGNOSTIC RESULTS FOR CON95 

·---------------------------------------·-~ ~ ·--­
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~~_l_FORTRAN (2 ,3) /HASlER . INTEGER ~ORO SIZE = 1 , • OPTlON_lS OFF ~ OPTION IS 

SUBROUTINE HATINY 

c 

_ C ____ . __MAIRIX INVERSIIDII'-------~---------------­
C 

DIMENSION AI10,10J,INDEX(10,3) 

DO 550 I=1,N 
AMAX=O.O 
Dp 105 J=1·~--------------------------------­
IF IINDEXIJ,3).EQ.1) GO TO ~05 

IF~ ltNDEXtK;31-1)-80,100w715 
81J-,JF"~ fAMAXeGE.-ABSlA ? Go-- o­

INDEXII,1J=IROW 
IND 
IF IIROW.EQ.ICOLUH) GO TO 310 

c. 
C' INl'ERGHANGE-- ROWS-­
e·­

GO TO 550 


INTERCHANGE COLUMNS 


DO 710 N 
L=N+1­



----- --

--

-- --

l 
~ 

FCRTRANC2.3l/MASTER INTEGER-WOR~~E - 1 • OP-TION IS CFF ' ----0--GP-f-I-Ctl--l-S­' 

~ 0055 IF CINDEX CL,1) • EQ. INOEX-U.....z l l GC TO Z10 
II 0056 JROW=INOEX(L,1) 
~ 0057 JCOLUM-INnE~~' 

• 0058 DO 705 K=1,N 
~ D0 59 SWA2;; IIIC, IROWJ 
~ 0060 AIK,JROW)=AIK,JCOLUM) 
II DD6i 705 A(I(,JCOLUMl=SWA~ 

0062 710 CONTINUE 
~ DB6J gg 1ao K-l,N 
~ 0061t IF ltNDEXlK,3).NE.1) GO TO 715 
I 

z~o CCNl:tNUE 
~

RETURN 
c ~ :m 

0068 c PRINT ERROR MESSAGE 
~ 0069 c 
'4 0070 715 PRINT 99 

99 EORMAl '6~HDINYERSE 0£ ~AlRIX ca~NOT BE -- XCOM~UTEC E ECUli ON lEI 
tt::o-· IHil-:2_=: 1IMAHDl: 

-
SIQp~-.~ ooz~-

tr,-~ 0 0 7lt.:.. ENO., 
·­

USISI ·£DRIRAN DIAG90SIIC- RESIJLIS- EOR: ttAIIlUl ­

I ' '"' 

-
~ NO ERRORS 

- --­

I ---­

-

-- ------·--­l 

I 
I 

.. 

I 

I -192­
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I 

c 

~5 	PE~~EN~_CONFIOENCE LIMITS 
( 

PROBLEM CODE 95 CONE 

NUMBER OF OBSERVATIONS 21 


( _NU_MBE_R_QLV...!:!.An.RA.!IA~B~L~E,_,.St._________z______________ 
NUMBER OF LIMITS TO BE COMPUTED 5 

_RESIDUAL MEA_N SQUARE_ 0. 0 566 
(, 

(: REGRESSION COEFFICIENTS 

C· 
VARIABLE 

1 

COEFFICIENT 

-7128.00000 

(J __CONSTANT TERM IN PREDICTION EQUA~Twi~O~N~=~-~3~·~3=5~0=00~---

c 
CONF-IDENCE LIMITS _ 

( LIKIT·No-•­ LOWER-.LIMTI: FITTEB=-Y = UBPER LIMIT­

( 

.( 

1­

4 
5 

?•47157 
? .. 77093­
3.o ?4~33 -
3.:63441 
3.98338 

2.908116­
3;-350-00 
3.17tr55 
4.17685 

3.04519.­
~; 451S6-1­ ' 
3.SO.E69_ 
4.37031 

( ' 

~ 

( 

c~ 

( 


l f 
12 

:-;-( -
JJ 
10 

9 

3c_ 	 8 

7 

4 b 

s()
s 	 4 

3 

6c 


c 

http:NU_MBE_R_QLV...!:!.An.RA.!IA~B~L~E,_,.St


APPENDIX D 

NITROGEN BALANCES 
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NITROGEN BALANCES 

, The results of the nitr~gen balances performed on 

the packed columns are swmnarized in Tables D-1 and D-2. 

For each balance,influent and effluent liquid samples were 

analyzed for soluble nitrate and nitrite nitrogen as well as 

for total unfiltered Kjeldahl nitrogen. It was assumed that 

this accounted for all of the signif~cant nitrogen compounds, 

both organic and inorganic, in the system. A second set of 

in£l.uen_tc-and- effluentr sam.p:_les-:wexa-,measwzed: f~, cnscs&1ved~ . _, __ 

ni.trogen~gas --usim~Ftha?methOd 'outlined:·, in::Awe:nd-i.x::B;;.""- -The::. 

·infl.uent;- sample'- was;-;obtained::-; from;;; the:: coolinq;:-uni:t:-wh:icll-:was:.­

located just upstream of the columns. Care was taken to 

avoid agitation of each sample and to keep it out of contact 

·with:>the atmosphere once-it·was obtained... The::..e~~~ 

B9D ,bottle,~used· .for:: thisc.-was.;: fl:ushed.:,w.i:tlL suffi-cient-effluent_ 
r 

to assu;r~ that the final sample had not come in contact with 

the outside atmosphere. In both cases, dissolved gas analyses 

were done within fifteen minutes of collection. Gas evolution 

rates were measured by a simple water displacement technique. 

The time required to collect one litre of gas was recorded 

as close as possible to the time of liquid sampling. Normally 

this took one half to three quarters of an hour. Figure D-1 

also shows the method used to collect gas samples. Once 

again, precautions were taken to exclude air from the system 

well before gas samples were obtained. It is assumed that 
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the procedure used was adequate since the Gas Partitioner 

results showed no oxygen peaks. 

-196­



- --

TABLE- D1 

\. 

DENITRIFICATION COLUMN F1 

NITROGEN BALANCES 

Gas Flow= 57.6 1/day at 72 % N2
Liqui-d Flow = 3298 1/day 

Aug. 9 

Gas Temp = 22 degrees C 

DIFF.EFFLUENTCOMPONENT INFLUENT 

:TD.'EJ-:Ei gmld;iy~ ~TDfdL~ __:gm/_.cday~ ~{I~~}~ 
:gm/day_ 

~~~ 94;:3 .: = " 8..:.S:=c --28c0-·= Nff.f:N;: 
l 

0.1 0.30.4 1.3NO -N2 

Dissolved N2 
 13.6 44.911.8 38.9 

- O.tL~ -o~o~ 72%= 48-;0·~Gaseons -.N-2 "­
1 ' 

149-.::7-- 128...T_ 21-6­

Au~ 12 Ga.s.=-Flow-:-- -ltr-"5~-1./day- at _66% N2 _­
Liquid Flow = 3224 1/day 

(20°C) Gas Temp = 22 degrees C 

DIFF.EFFLUENTCOMPONENT INFLUENT 

(IN-OUT) 
gm/day 

mg/1 gm/daymg/1 gm/day 

2.6 8.32.1 6.8Unfiltered TKN 
1.1 3.610.6 34.2NO-N3 


NO -N 
 o.o 0.00.1 .3
2 


Dissolved N
 16.6 53.515.3 ·49.3
2 


Gaseous N2 

66% 8.00.0 0.0 

17.273.490.6 

' 

-197­



-- ----

--

TABLE - Dl (CONTINUED)_ ­.... 

Aug. 13 Gas Flow = 83.9 1/day at 69% N2 
Liquid Flow = 3142 1/day 

(20°C) Gas Temp. = 22°C 

COMPONENT INFLUENT EFFLUENT 

mg/1 gm/day mg/1 gm/day 
~ 

-

;~~-;-. 
-,7.5; 23.;.6,-.. ~ - ', 5 ..1. 16-1~ 
'' 

0 

1.7 ~;4- _8~,1~ 1~2-- 3.;8­_NOj~N~= 
' 
~O§tl= Q:;J;; - ()~5::. 1.;6-·'N&2:N~ 

16.1 50.6 

Gaseous N2 

Dissolved N 15.5 48.7 

0.0 0.0 69% 67.0 

; ' ' 158~7; 13.9:r 
-· 

- TeTAI.:-oF. THREE--DAYS-::. 399:0- 340.6­

AVERAGE PERCENT NITROGEN LOSS = 15% 

DIFF. 

(IN-OUT) 
gmblay 
c -

--
-· 

-

'; 

19-.6 

" -51t.4 -
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TABLE D2 


DENITRIFICATION COLUMN F2 


NITROGEN BALANCES 


Aug. 13 Gas Flow = 63.4 1/day at 66.5% N
2 

Liquid Flow = 3248 1/day 

(20°C) Gas Temp = 220 C 

COMPONENT INFLUENT DIFF.EFFLUENT 
myj:i~.mg/J;:,_ gm/day..~; ·(Ifi~~- gm./day­-

-Ui'l'f:Htered=-~ 6.-4- 21~3 ~8f7~ 28i9~ 

2l~·Q;- 89-.-7 3.-1 12;3­- NOJ~N-

., o.,l, o.-3 1.;2 4-.-oN~-N--

Dissolved N 17.2 57.2 17.2 57.22 
Gaseous N2 _ 66.5% 48.8 

-143.:,6;;­ 32>-LS--·176"1~' 

-Aug;-14': Gas!:Flow.:= -27:.,4 ':1/.dq.::at ~J 3.-5%-,N2 

- Liqtrld='Flow--3Z48_,_/ da'y 

(20°C) Gas Temp- 22°C 
• 

COMPONENT EFFLUENT DIFF.INFLUENT 

mg/1 gm./daymg/1 gm./day (IN-OUT) 

Unfiltered TKN 5.4 17.5 4.3 14.0 

NO-N 22.2 72.1 4.8 15.63 

NO -N 
 0.3 1.0 1.5 4.92 
Dissolved N 16.0 52.0·' 16.5 53.62 

Gaseous N
 73.5% 23.32 -

144.2 34.4109.8 
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TABLE- D2 (CONTINUED) 


.Aug. 15 Gas Flow = 56.4 1/day at 76% 


Liquid Flow = 3298 1/day 


(20°C} 
 Gas Temp. = 22°C 

COMPONENT INFLUENT EFFLUENT DIFF. 
, . mg/1 gm/day mg/1 gm/day (IN-OUT) 

Unfiltered TKN 6.9 22.8 4.0 13.2 .
NO -N 23.0 75.9 2.0 6.63 

- O..l 0.:3 -_NO:z-_N 1 • .8 5.9 
' -13~:: 43:.:3..-:::- Disso-~ved,.~;L - 15..0: 49~5~ 

' 
~ 

-~ 76%;:.. 49,~,;.::Gaseous~~ ~ 

' " 

' 142-;,.--5 ~ - ~124i8b '1T:,7 ­
: ' ' 

Aug. 16 Gas Flow - 28.6 1/day at 76% N2 

Liqu.i.d -Flow= 3ll-6::::J;,lday. ­

-" ~2.6:<?£>.- ; Gaa...T~= z~c 

- INJ:i'filJENT..,.COMPONENT~~ EFFl'iiJENY ·: "DIFF." 
~ · ­-' ·(~-.' mg/3:':: gml~l1y=·mg:/-i:--"' .gmblay~-

-

Unfiltered TKN 4.4 14.0 3.9 12.4 
NO -N 26.0 82.6 2.6 8.33 

NO -N 
 0.1 0.3 4.3 13.72 

Dissolved N
 15.2 48.3 17.2 54.6 

'2 
Gaseous N2 - 76% 25.1-


145.2 114.1 31.1 

TOTAL OF FOUR DAYS 608.0 492.3 115.7 

AVERAGE PERCENT NITROGEN LOSS = 19% 
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"l!.' 

SAMPLE COLLEQ!ION fQR NITRQ~CN ~ALANCES 
L.1 .:. 

GAS SAMPLE 
COLLECTION 

GAS/LIQUID-~ 
EFFLUENT 

I 

"' ~ PACKED 
I COLUMN 

~ 

\ '\ 
\ 

LIQUID SAMPL~ 
PORT 

~ 

________ 

L 

MINERAL 

OIL 

... 

LIQUID 
EFFLUENT 

FEED 




A"P"PENDIX · E~ 
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TABLE E-1 


CALCULATION OF RBC 

TKN REMOVAL RATES 

BASED ON ZERO ORDER KINETICS 

Surface Area A = 250 ft2 (23.2m2 ) 

RUN TEMPERATURE 

oc 

FLOW 

1/hr 

SOL. TKN 

sl 

mg/1 

IN SOL. TKN 
So 

mg/1 

OUT TKN REMOVAL RATES 
(S1-S0 ) Flow 

A 
mg/ulL•hr 

R16:: 7. 89~3..:: 22:.;7. 18~9 14.7. 
R16.: 7 92.L 2£4 23.3 8-..-3 
Rtk 7 49".'8 20:.~ 12~ 7 11-.0 

-R2Ir 7 42..2­ 2.7.5 2(h.8~· 12..1 
R2l. 7 42:2" 21.: s­ 18~9- 15-:T 

Rl 10 49.8 19~4 10.4 19.3 
R7 10 49.8 20.2 9.9 22.1 
Rl4 10 98.6 24.3 18.2 26.0 

R1.5... 12­ 104 31.6 34.2 l.L2 

R6" 13:5­ 51:2.­ 3L4' 23~5 17:5­

RB·: u; ­ 5CK1' 26:.6· 12::5· ~6-

R4­ 15. -48:' 5 . 33.2 17~4 33::2~ 

R5 15­ 50~1- 3s-;9 13-~1 34.2 

RlO 20 50.1 47.7 25.4 48.3 
Rll 20 48.5 41.1" 21.4 41.3 
Rl3 20 95.1 39.8 26.3 55.5 

R12 21.5 95.1. 34.3 18.3 65.8 

Rl8 25 55.6 48.7 25.5 55.7 
Rl9 25 47.7 56.2 25.0 64.3 
R22 25 50.9 49.5 23.7 56.7 
R23 25 49.0 59.4 33.8 54.2 
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TABLE E-2 

CALCULATION OF TKN REMOVAL RATES FOR 

THE RBC BASED ON FIRST ORDER KINETICS 

Rate = K•C2•Vl/ 2 


Al/2 


K=~ u~) .,. -1]

+ 1/2 c2 

2
Al = surface area of each CSTR. = 11.6 m

/2 
= hydraulic volume of each CSTR. = 64 ~-vl/2 
=--hyd-raulic det-ention- ti-me. for~ each CSTlt.y-42 

Gi}7- =- iilf.l.i:leat~ se-luhla::Tm~caneentr.at:lim~ t:tk th&.c firsr_:_ csnt;. 

c-2 = effluent_ solUble TKN---COilCEiltra.t_ion· from·.J;hg:_-:second'.CS:TR-. 

-RUN TEMPERATURE Co c2 tl K RATE 
/2 

oc mg/1 mg/1 hr hr
-1 mg/m2 ·hr 

Rl6_ 7 22;7 HL9. .7lJ .132­ 13...8. 
R1T 7' 25-: 4' 23:3.., .1rr .06-o~ T.T 
R8­
R2£L 

T 
7. 

2th6'· 
n.5_ 
~ 
20:..8-.:: 

r-..2.85 
L.52:.. 

_21.2_ 

• 098-::-­
llh_S 

l.LL 
R21 T 27~5- 18.9 1.52 .135 14.1 

Rl 10 19.4 10.4 1.29 .282 16.2 
R7 10 20.2 9.9 1.29­ .333 18.2 
Rl4 10 24.3 18.2 .649 .237 23.8 

R3 15 26.6 12.5 1.28 .358 24.6 
R4 15 33.2 17.4 1.32 .288 27.7 
R5 15 38.9 13.1 1.28 .38 27.5 

RlO 20 47.7 25.4 1.28 .288 40.3 
Rll 20 21.1 21.4 1.32 .291 34.4 
Rl3 20 39.8 26.3 .673 .342 49.5 

R18 25 48.7 25.5 1.15 .331 46.6 
Rl9 25 56.2 25.0 1.34 .373 51.5 
R22 25 49.5 23.7 1.26 .353 46.2 
R23 25 59.4 33.8 1.31 .23 43.0 
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NITRIFICATION: 

Analysis of Variance 

The analysis of variance results for the linearized 

Arrhenius models were obtained from the output of Compu~er 

Programme No. 2 (Appendix C). The mean·square pure error 

estimates were obtained from repeats (HLmmelblau, 1970). 

If an F-test showed the mean square lack of fit to be not 

significantly-greater than. the..error me-aiL square at th.EL95% 

confidence level., it-:wa.&;in£erretL"that iil: .. light o£ the- pilO-t­

~la.nt- results~, .. there-·was.:no:-lack of- fit- in- the modal.­

ANOVA No. 1 RBC Results-

Reparameterized and linearized Arrhenius Model 

E 1 1 -E/~lnK = - R (T - r> + ln.. (Ae. o)
0 

where T = 288 
0 

Source of Variation Sum of Degrees of Mean F 
Sg:uares Freedom Sg:uare 

Total 
Mean 
Total (corrected 

for the mean) 
Regression 
Residual 2*Pure Error (SPE) 
Lack of Fit 

242.819 
235.023 

7.796 

6.720 
1.075 

.466 

.610 

21 
1 

20 

1 
19 
13 

6 

6.720 
0.057 
0.036 

0.101 

118.7 

2.81 

F6,13,.95 = 2.92 
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Pure Error Estimate 

s2 = estimated variance of data at T·'-~c 
t 

vT = degrees of freedom at T °C (observations -1) 

2 2 2 2 22 v7S7 + v10510 + v1s51s + v20s2o + 
SPE = v2s52s 

v7 + vlO + 'IJ15 + v2o + vis 

2 4(.0834) + 2(.0224) + 2(.0035) + 2(.0204) + 3 (. 0131)=SPE 4 + 2 + 2 + 2 + 3 

= .036jdegrees of freedom = 13 

ANOV&-_N0-2~Pilbt P2.ant: B:-Resu-1ts--' 

Reparameter.±zed=~: l-inear±zed- Arrhenius.:.Mode-l 

E- 1 1 -E/RTlnK = -- (- - --) + 1n (Ae o)R T T 
0 

Regression Results 

lnK-=- -l£)7'200:::' <}- }>-- 3;055 
0_ 

Source~ o-LVa1:."iaaon..~ Siim: o£_ Deg:re_e_a_ of_ MeaiL_ F~ 

Sguares Freedom Sguare 

Total 274.953 23 
Mean 259.540 1 
Total (corrected £or •15. 413 22 

the mean) 
Regression 13.166 1 13.166 123.02 
Residual 2.247 21 .107 
*Pure Error .838 13 .0645 
Lack of Fit 1.409 8 .176 2.75 

Fa, 13, • 95 = 2.77 

* calculated in the same manner as above 
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Heat Transfer Coefficient for RBC 

Programme No. 2 (Appendix C) was also used to fit a 

linear model to the heat flux and temperature driving force 

data which was calculated in Table E-3. The following model 

was used 

y = ax + B 

x = griving force between atmosphere and liquid in 
c 

2 0 a = heat transfer coefficient in kcal/hr m c 

B- = constant, .term 

Source of Variation Sum of Degrees of Mean F 
Squares Freedom Square 

Total 1594.9 20 
-I-tean­ 1~2 r 
To:ta-1~ (eorre~ed-~ for-159.9·; T 19 

thee.. mean) 
-Regression 
Residual 

14-09';; 3. 
. J..:B:j-. 4 

1 
18 

-1409 ~ 3­
10·..2-· 

137.5' 

l = 4.41 
. 
F1 I 8 I • 95 

Therefore, the regression model significantly reduces the 
residual sum of squares. 
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E-3 

·HEAT FLUX IN THE RBC 

All heat fl,ux data :-was taken· from· days in which the air conditioner was 
cooling tne air circulating above·the discs. This assures: 

1. 	 Conditions_ of air flow around. the discs is 
similar for•every.set of data. 

2. 	 The air.in the nood was at or -close to.lOO% relative 
humidity for each set of data. This minimizes any 
evaporative cooling effects. 

Total area of discs= 250.ft2(23.2 sq m) 

.DRIVING
DATE FLOW LIQ. TEMPERATURE .....FLUX . . . AVE~ .TEMPERATURES FORCE 

IN OUT 	 LIQ. AIR. 


Pc kcal 
m2hr 

2&19£-; 49.~9-· 17~75::: 16~·4 -2i98': 160:4 15.~ -1.5 .. 
O!J:f'01 50.4 15;0-· 15;3..: .65::­ 15.3· 1T:-5 "· 2':2­
05107~ 51;3 -· 13 .:6:' 13~6-~ o.oo. 13:·6· 14 .4 
08/01 
10/07 

49~·0:' 
49 .• 9 

6;;.1· 
6.0 

8~9'' 

10.0 
5~90'' 

8.62 
8;:9'-­

10.0 
.1:0~,5--

12. 
L6­
2.0 

12/07 49.9 5.7 7.7 4.31 7.7 12 4.3 
22/07 46.8 14.3 13.6 -1.42 13.6 13.3 - .3 
16/08 97.2 8.3 10.2 7.97 10.2 15.0 4.8 
2ot~a~ 98.5 7.8 9.6­ 7.63 9.-6 15.0 5.4 

- ntos~ 86;:3 ~ 8-.4~ 9~·6-· 4.48~· 9 ..6~ 15.,0-· 5.,4­
22/'08'-' 10/n4; 10~-'6 :: 11;6 ~ 4~480.: 1L6· 15;,3. 3if7" 
21108~. 8!J:j4-'· 5;:4 6..:-9= 5.::78"' 6:9­ -11;3~ 4:4 
28lOa-co 

·zqtos­
81:.6-'­
92~2 

4;4 
4;3 

7.0 
7;0 

10~'2 

10.T 
6.2 
6;3­

12.7 
9:·8= 

6.5 
· 3-::5-· 

30/{)8= 94~·4· 5 ~5· 7 .4·' . 1"::72­ 6 ~9- 19~3··~ 3~'4. 

16/09 50.4 20.5 14.0 -14.1 15.8 12 -3.8 
17/09 50.4 20.0 15.0 -10.9 16.2 13.6 -2.6 
18/09 46.3 20.3 13.8 -13.0 15.2 9.6 -5.6 
19/09 50.8 20.0 13.9 -13.4 15.2 9".7 -5.5 
20/09 54.6 24.0 16.4 -17.8 18.3 12 -6.3 
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A:BPENDIX -'F 

DYE STUDIES 
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DYE STUDIES 

All dye studies were conducted with a Turner Model 

111 continuous flow fluorometer. The dye used in each run 

was prepared from 20% by weight stock Rodamine WT. For the 

RBC studies, a slug of dye was dumped into the feed end of 

the first compartment of the unit. In the case of the packed 

columns, a system was arranged such that dye could be injected 

iir.t.o:_"the=:feed ·14.ne:s -with· _a:_syringe.~ IIL this._--c=way, the normal 

:ElbW&>-O:f:;_ th,e.co1l:l.ilms~-~t~ RBC--wer~~~-di.s"tu~du.:.rinq::... 

dye-:::additon. Effluent- samples_.were__ then~~-'take.tLa:t_close_ 

intervals. Approximately:- 2.00 ··m;t -.of- each::_ was· f±ltered- throu¢1.­

.45 micron Gelman glass fiber filters. This provided a suf­

ficientvolume to permit f-luorometer analysis by continuous 

f-low:. _ Be£ore=-each=exper:imentaL rnn, -ca~ fi:it-ered·-,-S:a.mp;le--of 

reactor_· eff-luent-_was=--prepared-"to PJ="Ov±--de- base line:- cai:ibra-­

tion~o£-:-·the:-cfruorometer. ~ The-machi.nec..was'-re=zeroed.:.eyery. 

time the reading scale was changed. Calibration curves for 

the four fluorometer scales were provided by running dye 

solutions of known concentration through the unit. This 

produced straight line correlations between the fluorometer 

· scale readings and dye concentration in parts per billion. 

The dye study analysis programme listed in Appendix C 


was used to fit dispersion models and equal tanks in series 


models. The mean dye residence time for each study was also 


calculated and printed in the output. 
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Tank in Series Model 

The particular flow patterns which produce the effluent 

dye concentration curves in tracer studies can often be ap­

proximated by effluent concentrations predicted for a number 

of equal sized continuous stirred tanks in series (CSTR's). 

The final effluent of a system of j equal sized CSTR's 

can be found from the following equation: 

. j j-lc 9= ....J___ -je 
eco (j -1) ! 

where: C = e£fluent~trac_er~-con_centrat±ons 

j =-number o£_- tanks 

= the quantityoof tracer added divided by . 
the volume of the entire system. 

Th±s-.app-li~only.; to~ a:_pJl]_sa.in~-o± trace~-- In 

th:is:ty_p~~o£:. sy_s'tem-;.,. as- j ~approaches=--.1~~8=-val.lle:S _(-sey..,.. l.SJ ~~ 

the-fl-ew- reg±m.e app;rox±mates~ pJ.uq-.fl.ow.~whereas.:, when::j:- is_ 

equal to 1, the flow is completely mixed. If the time at 

which the peak dye concentration occurs is shown, the above 

equation can be solved for j by taking the derivative and 

equating the result to zero. Theta peak is determined by 

dividing the peak time by the residence time. The final 

form of the equation·is: . 

1j = 
1 - e 
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Dispersion Models 

The dispersion model is developed in such a way that 

it assumes plug flow for a given reactor system with the 

·inclusion of a term which describes the d~gree of molecular 

dispersion or deviation .from the-ideal•.The: general 

equation forthis model is: 

uc\C 
~X 

Where u = mean displacement velocity 

- c- =~-concentr.at.ion 

C'· = concentration--gradient
x~ 

c 
=~reactimL term+ 

D = turbulence expression 

by, Timpany--- ( 19--6--1} • 

- 2 2c u. ( . . un + on cos ) (0 +. u -~)= 21: _n....;....U--=s~~-n-------::::----n~ EXP U _ -~n eco n=l (U2 + 2U + U 2
) 2U n 

where un COT-l U= n ­(- L)/2u un 
uLu = 20 


L = tank le~gth 


The value Un is best calculated by trial and error 

using an iterative approach. Also, the summation in equa­

tion 4 is taken to some reasonably large but finite value 
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for practical purposes. 

Instead of deter.mini~g a value for D by the normal 

variance technique su~gested by Levenspiel (1967}, a cor­

relation between peak time and D/uL developed by Timpany 

(1967) has been used. Proper use of the variance method for 

D/uL calculation generally requires concentration data to 

be entered to at least seven detention times. This is 

rarely practical. 

The discussions given above form the.basis for the 

analyti-cal:-:pr.oced~des±gned~±nto:~computer-:·p;:ogramme• 

~he-:=remairider.-::of.::-thi:a~ppendfx- li:sts~c-summa r±es ~o-£ ­

the,~;results=o=f~~~all 'Of·=the ·-dye--studies~tha~were run. 
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EXPERIMENTAL- RESUbTS. cleo· 'IERS11S THETA 

-
' - . 

THETA - - .. CJCO 
.. 

.. 
. 

- ·..oss_ ~028 .. .. ... I. ..-.., .· ­,_ .. ·- ..... •.ell6' 
.)...7.4 ·!!~ 

~ 

.232 :s17 -e289 .. .sa3; 
-

. 
~•.a44~ ;-:6:35:'."" 


~ADS-'-. :&b3-: 

.463 ... .6l,J:1
.szr- ..669-' 

• S1.9~: 

-------.•.637:.:,- • 6 :. 
6tr' 

·695=· .5~92 .-- ­
-~

.153- .s 5.:._ ­
c.ell I .sz7~-

.868 .soa 
 ..926 .494 .
e984 •470 


1·042. .452 
_______________l_•.too__ ~-.!t~J 

1~ }58" .4-f4~, 


....• 3'9()".-. :1·216 . . .... 
­1.27"4- .3&2~ 

..143327 .32~ ­
t.i390 .306 
1~441-7 .287""

1 i51ls-~ .268= 


..~9~~
·····------l:i-563:?.... .. 
1.621 .235 
le679 .221 

.2~2l:~~~ .) ~ 
2·123 .151 
2.316 .132 
2·509 
.2 e7..!J2- ·A~-~ 
2.895 .oas 
3.088 .o7s 
3e281 .066 
le414 .061 
3e667 .o52 
3e860 .osz 
4e053 .047 

... .... ····-------4-246 • O.lt..O 
4.439 .o3s 

.4.632 .o31 
4.825 .o26 

: 
. 

' 
-

-

. -. .. ·-·· . - -­ -·· ----- - ­ · ­ .. 

. 
- . ....... -­ .. · ­ . •­ -·--- --·­ --.­ ... ~ - -- -------­. 
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.. 
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.- -· -· 
.--.:-~·.,.~ ~-.:.- e·--•.• ___ ,.__ ... •.-··-~- ... _. "'-.:•_··~ 

··-····----·----------~------------------------------

CALCULATED CICO VERSlS THETA VALUES 
FOR '.CSTR IN ;sERIES ~oogL 

THEORETICAL DETENTION ACTUAL DETENTION ___·_-_-.....______..._~ 

THETA · CICQ THETA C/CO 


2.600 e057 2e600 .057 

2.~oo ;o41 2;aoo .o41 

3e000 e030 3·000 .030 


--------3-·2-0-0 •.021 J.eZ0~~0----··~0~2.~1:-·------- ­
3.400 eOlS 3;400 .olS 
3.600 eOll 3i600 .0113.aoo ~ooa 3iaoo .ooa.
4.ono ;oos 4.ooo .nos 
4.200 .004 4.200 .004 

-:-·-- ----.-'- -::--- .. -~- --::~- ---·--------- .... ---~ 

··­
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CALCIILAI£0 ClCQ ~Eesrs lJjfiA VAl liES 
FOR DISPERSION MODEL 

~-

-
•. 

THEORETICAL 

~-
.,. 
elOO 

2-00 
.300 

_.4-f):(),..; 
.-5!).9-.: 
.hu-~ .no,., 
.a:&e-.:.: 
.900~ 

t-..noo:: 
lil:O:Ou
t•2.:nn;· 
1•31)0
l .l!OO 
leSOO 
1·600 
le700 

-­ 1.a:n.o 
t•.q.t)-0·' 

- -c.o_o-o-­
2-a~--o..r: 
~ii!!Jtn-·-

2•3.01);; 
2~41}0=-: 
_2-=;SiJl)~ 

_____:.2.i'Jt0 0..:"' 
2•700 
2·800 
2e9003.ooo 

. . 
- ' 

DETENTION 
.. 

·. ., 
.051" 
;.463

.• 783 
;a99~
.8-96,c·· ;aaa-; 
!_15~
.6il4-c 
•594.:.. 
;52_}": 
.4555 
.3.9-1~ 
•346'­
i3!ll 
.262 
.228 
;199
•.UJ 
riSb-:· 

~ . 

;131' 
.114~ 
•D9i~ 
;..o~,
.a?& 
.t.D6s= 
:-*!l~~ 
.043 
1037 
i033 

- -

-

ACTUAL -

·100 
e2DO 
.300 
-~j)~~
eS.O:L' 
e6ilJt
e-70 -
.30'6~ 
i9_91).;:.

l•owr· 
1•11tOD 
1_.2~lL 
le3ln)­
le~OO 
1·500 
1•600 
la700 
leB:OJk~ 
1·94Rl~z:-. -0 :(J"Q:;_: 
-~Dlt: 
2-it2:DD.:;-; 
2.:aon~ 
2:e-400"" 
c.so-o·
2""'611-o:­2!·too
2•soo 
2;900 
3~000 

DETENTION 
---­

.o~~

.49 . 
-.799 

- .9:02:..:.: 
-.a9_o.;::
•s.z.z:.· 
~-4'1: ~. 
.• 661r"": 

. ~-·_ ~s.i~ 
-449'":-! 
.39:2= 
.3~2-
.292 
.260 

~;.227
.198
:liE 
.1~..: 
.131: 
.111-". 
.JB!F 
.o37-·:~ 
.076-:' 
_..:0.66­
..])5B-:-: 
.oso 
.044 
.038 
.. 033 -

-· 
-

. 

~· 

. 

i 

., 

. ... 

-

. 

. . -

: 

. 

- -- ·­

--­

.. 

' 

-- ·--~-· ~-.----· 
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TRACER RESPcNSE ANALYSIS 
.. --- ----------­ ·-------...,---,.__,......,...,..,.,....,.._,_~__,..----~-

- ­ ·~.• 

~YDRAULIC CHARACTE~IZATION 

TEST ~ETHOD USING A PULSE I~PUT OF ROOAMINE DYE 
·. 

REACTOR OPERATION AND TEST CONCITIONS 


·TEST RESULTS AND CALCULATED _VALUES 


2.33 

2·10


.2585E+oO

.323BE+nO 

. 
__ . TBA CER STUDY CONDUCTED ON AUGUST 19 1974. DlffiiNG A PERIOD OF HIGH HYDRAULIC 

LOADING. 
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.. 
. 

-
.... - .... . ..- - --. ·- - ·-. - - - - -. .. ~- -· -· ·- - - - - . 

. 

-·. ---·-··-- _______... .,______ ..·--· ..... 

EXf;lERIMENtAb RESIIblS ClCO 'llERSUS :II:!EI.A 
--

- •. 
-THETA CICO . .. ­-

- -. 

p 

·117 .499 ­
·233 o.o~2 -. 

-- 35.0 ·Hie 
..46'1. 
• SB4 
• 70-0­
..&:} :z. 
.934"' 

1.es~o,. 
1el6T 
l.-2.8A 
la400 
1.517 
1.634 
] .:Z5]
l.A67 
).984 
2---201.a. il.: 
c;-3'31+
2.c;4S'i. 
2:~5'67'
2.t68-4. 
2 .e01 
2-.918 
J""•-o34~ 

·-· -- .. --------· 3.•.15..1..
3a268 
3e3S4 
3.501 
3.890 

:63L . . 

649 
~8-; 
, c;4A . : ­
.48~' 
.4-24-,
.372 
.334­
.3.-oo 
.266 
.245 
.220 
.195 
.182 ­
·1~2 ' -~ ·­.-1 - ­.tas= 
.-l~-3.-
.l--13' 

}04
=~98 

0.,'1' .• 8
._olr~.o 
.078 
.o73 
,Obl 

4.279 .041 .,4e668 .o21 
s.o57 .ol6 . 

··-·-------~--- -·· ---------- .. -

.. 

. - - - .. .. 
. ... . ­. -219- . .. . 
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CAbCIIbA+EC C.LCO 1tERSt. S l~E+A ,_tAL.IIES
FOR CSTR IN SERIES MooEL 

THEORETICAL DETENTION ACTUAL DETENTI.ON . 
.. 

..
THETA ~/CO THETA C/CO -~- . .. r 

.oso ,181 .oso ~181 
elO.O"~ e327 ~ .327-. . 
• 1 5::6:·~ • ~~!t-, ~}g~.. "!t!t!t­
·20.0.~- .;53&<; 
• 25'4~ - -.6-Q:-:7 c 

·30-{)o~- .0659-, 
.•.3 5:6..:::..._ i2..9...5.:'--" 

---~--- .4og-:,, ;1r9 --: 
• 45. ~ .1.32,_ 
• 5(T0::'~ •136.:: 
• SS.fl .. .73~;:.
.600 .72 i600 
.650 .709 ·650 
·100 i690 io700 

~7..5.0-----------------------: ~5g---- !~-~ -- •aoo 
.aS:&- •621 •as.o 

eSCIS-- ;9oo-- ·•9110 ~· 
.9~0:-"~ ;s&a-~ e9S-&-­

1 ~ (){)'-(}>:> .. 54--l-i 

1 ~2f10- ;435:· 

1 .. 4-0-0: :-: ·34'1' 


----------. ____LL6Aa ;(61­
1•86&-~- ·197; 
2•000 til47 
2•200 eloa 
2·400 •DI9 
2·600 •os7 
2·800 ;o41 
3·000 .030 

-- -------- ----3-· 2-0.0 •.0.21 
3.400 eOlS 
3.600 .011 

·3 .aoo ;ooe
4.ooo -oos 

.20JJ~
i2S:O ·. 
•30-0. 
it3Sft 
.400­
;450~
.s-oo: 
iiSSO· 

1... 90-0'· ­
luO'&'' 
1 ti 4.0 o---. 
1!6ft.Q' 
1~0-6-H 
2ii000 
2it200 
2•!1:00 
2·600
z•aoo 
J•ooo· 
3.e-2-0.0 
3•400 
3i600 
3;800!t.ooo 

~c 
.601: 
.659~ 
-695­
7ll:~

!1 2.- .. 
7-36-'-:" 

:73~~-
.72 
.709 
.690 

.. .•66.9 
.646 

. .621-, 

.. .s-qg....: ', ­

~56&-. 
.54-l;-.l 
.435-:- ­
.34:1·· 

---Z61 :­
.19~-
.147 
.108 
.012 
.os7 
.041 
.o~~
.-0.2 -­
.o1s
.011 . 
.ooa 

005 
4.200 :oo4· 4•200 :oo4-

--- --· ________________.,. __ 
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CALCIILA+ED ClCO ~EeSLS I~EIA YAI liES 
fCR OISPERSlO~ MODEL 

THEORETiCAL DETENTION ACTUAL DETENTION • 
-

' .. . 
-

.100 

.. 20.0 ·---­ .300 

.400 

.5llO:. 

.~.. 
•.71)1}'; 
.a.lttt~ 

.•9tJ;tK 
______l!~u 

-..LJ 00' 
l$2-~'fK: 

- .002 
-l.6Ris1 
-.793
_.9:25_ 
e-94~.:. 
'e:.&!El~ 
~-
;:12£; 

-~"._.54"6 
.Jt~ 

·100
•zoo
-.300 
.-401L.s1nr 
~B:w.~--.-::/. - ·_·

.-.a:61t-· 
-.:9~~ 

~·f)&··
J•fOlJ·
1..2&.QL· 

.o1.o 

.267 

.636 .ass 

.925"
a-9:05. 
.8.3~9--
•.:z:ss­
~ &&a-. .sos 
.~ 

-

-

•· ~ 

-

1~~=-
r.4!Br1.soo 
1.600 
1.700 _____:·±:~ll... ····· 

2;.,o0i)::
Zc.eJOl}:_

- 2-iZO'O. 

-
·~!339­
•28/
;243
;205 

;ll·~
;:123_ 
• .lil-4·: 
.. o.as­

·. 

~3.:Q.O 
~-.4-ou 
I.soo1•600.700
1-.aoo 
I ~~ll-0 
Z...OOD.z·.1.n.o 
n2.nD 

~-

: 

~-15 
.322
.27& 
.237 
.203 
-174
.149 
.~27--
~09-
~-

~3btL ;:na~P. 2il3DD-~ . ,().: 

--e-.4=0'-6=--' -•..G-62- ~4-D:D:- :~ 
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TRACER RESPONSE ANALYSIS 

DENITRIFICATION COLUMNS 

HYDRAULIC CHARACTERIZATION 

TEST METHOD USING A PULSE INPUT OF RODAHINE DYE 

--~ -· ·- -~---- - ·--- -·-- -~ --- ·-­

REACTOR OPERATION AND TEST CONDITIONS 

VOLUME OF REACTOR = 158.00 LITRES
HYDRAULIC LOADING = 2.08. LITRESfMIN· 
TH€0:_-RETICAL- O.E_-T"'- =- 75a:9ft_ MIN 
DYE-:.:. I-N-JECTIDN.. =- .:Jl.U.7U~ Lil"RE-S:-­

-C.-{}flf.O · ~ ~AOOro~. ·=­
0¥&-:: F T~: VtlLUME:- =-- ~!l+tJ~-8~-

OYE PEAK TIME = 6'+t70 MIN
PEAK/THEOR. OET = .,52 

- P£A:K/-MEA*-. D-Y£. RES- = .973 


HEAN:-DYE: RESIDENCE= 66.-S.JL MIN.

PER-:: DYEc- RECDV£:-'RY- -:::- qz-; 65T ,.. 
F-Rl--= STMififANf""ZONE.:::- :-: -•~ 

CSTR: s-~ I"fL SERIES: us:nrG- TREO.RErr:cAL ~- = -~ 
C~-5~-1-W S-ERT£5--AJSl:Nb-: HE:A:N.c: DV-E RES=.- = - 3&.94· 
07-tJt' V'M..UC" US:rNG- Tff-EU'RETICAl.~ RESTllENCF" = .6-oltiF-fJl.-'
0/UL VALUE USING HEAN DYE RESIDENCE = •3729E-01 __ . _. 

TRACER STUDY CONDUCTED ON COLUJ,1N Fl ·JUNE 6 BEFORE ANY GROli'l'H HAD OCCURRED. 
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EXPERIMENTAL RESULTS 	 C/CO VERSUS THETA 

THETA 	 C/CO 

.020 	 o.ooo 

.039 	 o.oou 

.059 	 o.oua

.079 	 o.oo 
o.ouoc:ti~ 	 o.ooo o.no.o., ____ _-------. --- :-HJ77~-- U_',L001) 


.v_.a.. thM-0-,


.1--9-7 	 -o.--n.on­

.21.7,­ f.-i11~.237 

.257 	 o.nnn 

.276 o; oon­
. -· 2-136~ 
 O• 0-DiJ·= 

.316 	 o.ooo 
·• 336 	 o.ooo 
.355 	 o.ooo 
.375 	 o.ouo 
.395 	 0...000 

=~~i-· 	 hBBfi'; 
.~: ____ _ atm:.w~ 

0~ 01Hl:m:-: tt.---61J-.O: ; 

.533""' •.6:1:6 

._D53._, 	 .7~4-· 
.573 	 .863 
.592 	 .986 
.658 	 1.214 
.724 	 1.432 
.790 	 1.660 
.856 	 1.7'+5 
.922 	 1.318 
.987 	 .967 

1.053 	 .825 
1.119 	 .759 
1.185 . -- ·-	 .• 7lt9 
1.251 	 .266 
1.316 	 .427 
1.382 	 .275 
1.448 .199 

1.. 5514 .175 

1. 80 	 .138 
1.646 	 .126 


.119
1.711 .1041.777 .D951.8'+3 

' ·­ -223­
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TRAC~R RESPONSE ANALYSIS 

DENITRIFICATION COLUMNS .. ·---- . ---- . -~-­

HYDRAULIC CHARACTERIZATION 

TEST METHOD USING A PULSE INPUT OF ROOAMINE DYE 

REACTOR OPERATION AND TEST CONDITIONS 

-- VOEtnf£- OF REACT-oR - 1.58•.00 LIT~ES 
H:YDRAut.I C- .Lili\ll:I-MG--=.~:::_ ~2:1::.. UTRES-lMIN ---·-----------· -------- ­7 1.• 't-9 HI"N --- - - - ~­TR£0R2T!Cl\t· 0£1 • ­
oy--~:_c ItlJ.E.CTlflW = • .(}15 Q_ LITRES.. 

CONC'_ Of.- DYE> AllO~:.-=­ .7.9:3£+:6-6:- PPB · 

Dl't::::t· TANK VOLUt1E.:.= 6.3.59_· PP6_ ­

T~ST RESULTS ANti CALCULATED VALUES 

7~ ~!L MIN . 
• £ .98 ­
• 292.­

M£~0Y! ~ R{STnENC~=- Z-4-.Jl.D MiN 

PER.OYE_PECOViRY ~ a~~~65~ ~ 

FP-;-_ST~ANT ZO~IL = .664 

CSTR S IN SERIES USING THEORETICAL RES. = 1.11 
CSTR S IN SERIES USING H~AN DYE RES~ = 1..41 
0/UL VALUE USING THEOReTICAL R~SIOENC£ = • 4501E+01. 
0/Ul VALUE USING MEAN DYE ~ESIO~NCc = .1043E+01 

TRACER STUDY #2 FOR COLID-TI~ Fl WAS COI•::PLETED ON AUGUST 23 197 4 BEFoRE 4 ­

GENTLE I!ACKWAsR 1-lAS CONDUCTED.THIS REPRESENTS APPROXTI.:IATELY 74 DAYS OF 

CONTINUOUS OPERATION SINCE· STARTUP. 

-224­
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EXPERIH~NTAL RESULTS C/CO VERSUS THETA 

THETA 

.042 

.084 

.126 

• 168 

.210" 
.252­

---- ---- .294- --···----­
.33£_ 

.378" 

.420 

.4-6-2 

.51)~ 
• 5'46 
• 5:37~ 


• 629 

.671 

.713 

.755 

.797 

.839 

.a11l1 
.923­
.955 


1.:..007 

1.:::.-0-49 
LJ9L 
L133 
1-.1-75 
1.217 
1. 259 

.1.399 

1.539 
1.678 
1.818 
1.958 
2.098 
2.238 
2.378 
2.518 
2.6.58 

C/CO 

• 629 

2.673 
2. 611 .. 
2.044 
1. 557: 
r. 2113 

....~!!JfiJc.____ ­

.-83 3. . 
• 73~1-: 
.&377• sao· 
.-511 
• 48-tr 
.~_& . 
.440 

.417 

• 393 

• 370 

.3!..6 

• .330 

.,3U7' 
.2.9:1.~ 
.v.s~ 
.Z:5Z:. 
.2~6-
• ..Z-2Jl.c 

.-2J11f....,.

.189 

.181 

.173 

.142 

.126 

.110 

.10 2 
• 094 
.079 
.071 
.0&3 
• 055 
• 055 

•. 
,. 

----~---.. 


-·------ ­
. ­
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TRACER RESPO~SE ANALYSIS 

DENITRIFICATIO~ COLUMNS 

HYDRAULIC CHARACTERIZATION 

TEST METHOD USING A PULSE INPUT OF ROOAMINE DYE 

. ---- -··. -:; -··--- . 

REACTOR OPERATION AND TEST CONDITIONS 

···-- :--:. r ~ . 
.. ! ... 

VOLUME OF REACTOR = 158.00 LITRES 
·HYORAOLI~-LOAOING = -Z-.-2 2 LITRES/--HIN 
THEDRE-J::H~-AL~ D-E-J• ~ 71-. t-r~ H"Itt-= - ----- ---·-- .
0¥£-: IWIDHDft-! · ­ • .tnS~ tlTRcs- · 

C~OFOYE A-DUEB:•=-- • 71}:3'E+fJ'6- PPS 


-DYE- I; TA~ \fO:tUME:' =- 7-s=;_-2lf -PPB-: _. . 

TESr RESut.Ts~ A-NIL Cl\-lCUUl.tEih-= VALU€S­

OYE PEAK TIME = 6.50 MIN
PEAK/THEOR. DET = .091 
PE~~fMEAN DYE-RES= • 361 

MFAN·:O¥:E.:.R£SID5NC£~~ 1.8.1HL: KIN:-: 

P£R~:OYE=. RECOY-E:g.Y, == 86-.rS~-9~ ,."' . 

FR.- Sl-A~ZDNF =- .-74·r 


·c-s-rn_:: S- I"'ll- SE-RIES-'- USING-~ Tfl.C-cJRE+-TGAL RE-S-.. = .:_r.t.lJ 
CSTR""-·~ s·.; I9 ~ SER-I ~~U-SINli~ H~A-.N-. OY E_ RES-~ : h-57. 

. 0/UL VALUE USING THEORETTCAL ReSIDENCE = .4941E+tl1 
0/UL VALUE USING MEAN DYE R€SIO~NCE = .7084E+OO 

TRACER STUDY #3 l'lAS CONDUCTED ON AUGUST 23 197 4 AFTER _TH:{i} BACiafASH WAS 

FDUSHED. I 

-226- . ·~ 
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J 

EXPERIMENTAL 


THETA 

• 042 

.084 

.126 

.169 

• 211 

.253 

.295 

.-33:Z ~­

.. ~c7-9·­

--4-22 
~­
• 5Ji.6_ 
.5"~­
.590

.632; 
.&74.:_
.717-:­

.759 

.801 

.843 

.885 

.927 

• 9&9_ 

1• tti-2
17e054­
16 oqs;-. 
1~ 1.3B· 
1.1.80
1.-222- . 
1'a26? 
1.405 
1.546­
1.686 
1.827
1.9&7 

PESULTS C/CO VERSUS THETA 

C/CO 

.558 

3.294 

. 2. 750 

2.032 
1.408 

.996 


.797 

-·- ,. -a- 0-4-4-- ­

• 5-93-, 

• 55-8· 
.-'t-6-5­
.~25_ 
.:J-85-· 
.352 

.~32'­
• 31..9· .· 
.299' 
• 272 

.252 

• 23q
.239 

.232 

.226. 
..220_ 
.2i.3..zn5­
.139~ 
.186 

.173 

.159 

.120 

.100
.oo& 
.053 
.04& 
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TRAC~R R~SPONS~ ANALYSIS 

OfNITRIFICATION COLU~NS 

HYDRAULIC CHARACTERIZATION 

TEST METHOD USING A PULSE INPUT OF RODAMINE OYE 

REACTOR OPERATION AND TEST CONJITIONS 

VOLUHE· OF REACTO~ = 158.00 LIT~ES 
HYDRAULIC UlAOING · ;:: __ ..• 2. 33. LITRES/t1IN 
THEORETICAL OET. = 67.81 MIN 
DYE IN-"JEGliOM-· - .. 01:5 0: LITRES 
COOC,~Ofi< OY,E A.flJlEil ·= • 79-'JE+fl6"""'" PP9"""
OYE: _/. TANK.- \fQbU-ME; = 7S.-Z.8-.:. PP8 · 

. . . 
TEST" R_ESUtrrS·~ANfE~-CALCULA::r Efl-·V..:At.Uff$ 

DYE PEAK TIME = 16.00 MIN 
PEAK/THEOR. OET = .236 
PEA~/MEAN DYE ~~S = .727 

MEAN OYE.RESIDE~CE~ 22i00 MIN~ 
P E F."- OY..C: - R-EC-QV EP.Y- = 1 G 2.- 0 0 4 ,. , 


-FR;· S.TJ\GNA-JI.IT"'Z6HE =- .•G?o_ 


CSH~:.. S-~nr·stRIES~U.Sll.IG=-TAE"URETICAL .RES.==--­
CSTQ.-:-S::I~ SERIES USI~G.MEA~""1JYE- RES.... = 
Dl.Ut:' VAt:UE ·usiNG: TH-eDR~J_=I"C1\LR£5-I.DE.NCE- ­
~at~ VAlilJ.E;·USltro:":..Jif:AN=-,0¥~~ RES!DE=NCE...,. - ­

TRACER STUDY #4-FOfC COLmm Fl WAS RUN ON AUGUST 25 1974. AFTER 

COI>lPLETION OF A 16 HOUR BACKWASH AT A HIGH HYDRAULIC FLOW• 

~ .... 
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EXPERIMENTAL ReSULTS C/CO-VERSUS THETA 

THETA C/CO 

.013 
.2.285 
3.161 
1.667 

• 9D-3 . 
• 55-6- _· 
.412' __ 
• 31:3 ·_ . 
• Z:O-G~
• zm:. 
• 193
.1o7 
;,1~1 :_ 
~'135-

.120 

.112 

.104 

.096 

.082 

.066 
• 0?4"
• otro 
• .D'f;O r 
• OJ+:O-- . 
• 033'­
.. o3::t' ­
• OZ'7-~,-
.027 
• 020 
.020 

.• 013 

-229­
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TRACER RESPONSE ANALYSIS 

DENITRIFICATION COLUMNS 

HYDRAULIC CHARACTERIZATION 

TEST METHOD USING A PULSE tNPUT OF RODAHINE DYE 

-- ···- ----- ·---- ------- ---·· -- -------------------------------­----~--.--- -------· ----4-.-:.....-------------~ -~ 


REACTOR OPERATION AND TEST CONDITIONS 


TEST RESULTS AND CALCULATED VALUES 

5.54
5.38 

.7885E-01
• 80 SE-01 

TRACER STUDY #5 FOR COLtJn.m F1 ~1AS DONE 01'1 SEPTEMBER 8 1974 AFTER 

COLUI>ili ·cLEA.NOUT AND BEFORE GROWTH IDW> RESTARTED. 

-230­
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EXPERIMENTAL RESULTS C/CO 

THETA C/CO 

.043 o.ooo 

.085 o.ooo 

.128 o.ooo 

.170 o.soo

.213 o. 00 

.255· . o.ooo o.ooo.298 ---·---------- ..
• 340. . .000
.383 8• 000 
.425 n.aoo
.468 o. 00 

o.ooo =~~~ .033 
.595 .246 
.638 .638 

1.009=~~3 1. 395 
• 766 1.501 
• 808 1.521 
.851 1.514 
.893 1.461 
.936 1.381 
•978 1.262 

1.021 1 • .129 
1.063 1.009 
1.106 .897 
1.148 .784 
1.191 .684 
1.-233 .598 
1.276 .525 
1.418 .425 
1.559 .359 
1.701 .• 306 
1.843 .239 
1.985 .166 
2.127 .120 
2.268 .053 

VE~SUS THETA 

-231""": . ·~ 
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CALCULATEOC/CO VERSUS THETA VALUES 
FOR CSTR IN SERIES HODEL 

THEORETICAL DETENTION 
·-- - ----:.. --· -- .. ·-- ··-----·.- - --~-----------·- .. --·-· 

THETA C/CO 

• OSB .. • JJDO 
.11nlJ .nnz::. 

.. - --· ---- - .1S1Jn -·- . -~---• OJZ.~--
.2~ . • ..D3L· 
..-25tr~ .Jm-s; 
.3DD~ e:1-s5:: 
• .3:SlL • z·so.,
..!t-1Hl::: • ..3:&f;i 
.45-tF ~ 
e5.1JQco .Gwc:: 
.550 .• 722 
• 600 .826 
.650 .913 
.700 • 980 
• 750 LOZS
.::8-0-o-: 1. 048 
...85tl" 1-:. 052"' 
• ~l1HJ~' 1-.JI-5-Tc
•]511~ li -Otl1~ 

1~ 1Jir" • _964 
1;.2~1) .722­
2:-ltOO~ ...~-70::: 

· ­1~ fia1J;~ .-z?EF 
1.800 .150. 
2.000 • 076 
2.200 .D37 
2.400 .017 
2.600 ·sos2.800 • 03 
3.000 • 001 
3.200 • 001 
3.400 • 000 

. 3.600 • 000 
3.800 • 000 
4.000 • 000 
4.200 • 000 

ACTUAL DETENTION. 
~ 

. -· ---- ---· ..__ ··-­ ~-----

-THETA C/CO 
r 

..o so· . • D11.1._ 

e1Dlr;; .~-
e-1-s1J·~ 
 .JJ~ -~---.z.ou., •.u:r-: 
.2~-- .4.-'40= 

.-3lllJ-:. .zas~ 

_• .3.5Jt.: --•=3#0. ·. 

-.41ltt=: .Jf?:t.:;_
.4--s-:O= e-5'03 
.51Ht: • 61ilF 
.550 -- .• 762 --~-----~--- .....

.600 .840 

.650 .901 
• 700 .., . .944 
.750 .969­
.800 -.97T- .
• ssn-· ._g-71r
• 9'8lJ= .91t~ 

...95'11G 
 -n~--1. • .(J]UJ . • '.:7~ 

t-'.2-lttr .=ff59· 
1.~ 4"1J 11-~ - ..450-­
1•6-6-6" .-2':8&­
1.800 .1.69 
2.000 .095 
2.200 .051 
2.400 .027 .. _ 
~.600 ·813.800 • 07 
3.000 .003
3.200 .002 
3.~00 .0813. 00 .o 0 
3.800 .ooo 
4.000 .ooo 
4.200 • 000 
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CALCULATED C/CO VERSUS THETA VALUES
FOR DISPERSION HODEL 

THEORETICAL DETENTION ACTUAL DETENTION 
·-- ---. -;·· ____..... __---~--,..--- ~-. 

·---~-~ 

.too • 000 .100 -.ooo .zoo • 000 .zoo .ooo 
• 02i .380 ·~27:~88 .18 .4 0 • 98 

.soo .soo 5~-

.600-- ... =~~~ .&DO :9 2 .. ·----~---·· 
.1.143.780 1.~4~ .708• 8 0 1. 3 .so 1.222­.qoo 1.184 .900 .1.171 

1.000 1. 052 1.000 1.0lt6 
1.100 .88lt - -- 1.100 .875' 
1.200 .714 1.200 .708 
1.300 .559 1.300 .556 
1..400 .428 1.400 .427 
1.500 .322 1.500 .322 
1.600 • 238 1.600 .240 
1.708 .174 1.700 .177 
1.80 • 127 1.800 > . ·129 
1.900 • 091 1.900 .093
2.000 • 065 z.ooo .0&7 
2.100 --- .047 2.100 .048 
2.200 • 033 ---- --2· 200 .034 
2.300 .023 2.300 .024 
2.400 .016 2.lt00 .017 
2.500 • 012 2.500 .012 
2.&00 • 008 2.600 .009 
~.700 .006 2·~80 .086.800 .004 2. 0 .o 4 
z.qoo • 003 2.900 .003 
3.000 .002 3.000 .ooz 

. -233­



TRACER RESPONSE ANALYSIS 

~ DENITRIFICA-TION COLUMNS 
---- -·----:··- ---~-'!'--.·~--~ 

HYDRAULIC CHARACTERIZATION 


TEST METHOD USING A PULSE INPUT OF RODAHINE DYE 


·--------- --- ­
REACTOR OPERATION AND TEST CONDITIONS 

TEST RESULTS AND CALCULATED VALUES 

· .. 

ME-.AW~DYEc- RE:SIUEfilC£:: -6:8•.JUl::;: MIN ~ 
PER=''-{)¥£.=: RECO.VERr- = J.:tm=;.oo:2~ ~ 

- -FR•~ S~AGNAN"t-; ~=~ .--0-0~ 

CSTR S IN SERIES USING THEORETICAL RES. = 4.22
CSTR S IN SERIES USING MEAN DYE RES. = 4.30 
D/Ul VALUE USING THEORETICAL RESIDENCE = a1023E+OO
D/Ul VALUE USING HEAN DYE RESIDENCE . = .1001E+OO 

97 4 THIS UAS . 
. TRACER STUDY #6 FOR COLIDi!N F1 tTAS RUN ON SEPTEt;il3ER 10 1 ' 


2 DAYS AFTER STARTUP. 
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EXPERIMENTAL RESULTS C/CO VERSUS THETA 

THETA C/CO .. 

• 088 o.soo
.175 o. 00 

=~~~ 8:881 

=~~~ :~~~ 


----··- -··--·- ::~b~ i:~~~--
• 789_=: -. ---- - 1. 328 

.877 1.169 


--=-965____ -----,---- 1. 0.1~ ---.:_-_-~---
1. 0 53 --- - - • 8 6 3 

1.140 .704 

1.228 .578 


.. 1.3.16 .472 

1.404 .392 

1.491 .332 

1.579 .292 

1.667 .272 


f: ~4~ :~3~ 

~-=6r~ :Iai~---
2.105 .173 

2.193 .139 

2.281 .120 

2.368 .102 

2.456 ----- • o9·o 
z. 544 • 076 
2.632 .060 
2.924 .027 

. .... 



TRACER RESPONSE ANALYSIS 


DENITRIFIC~TION COLUMNS 


HYDRAULIC CHA"ACTERIZATION 

TEST ~ETHOO :USING A PULSE INPUT OF RODAMINE DYE 

REA~TOR ·CPERATio~ AND ~EST CONOiiiONS 
........... ·-- ··-·-----------·······--·. -- -· ...· ····- ···---·---- --- ---- --·- ·-· ~-- ··-· 

'TE~T RESULTS AND tALCULATED VALUES 

- -- __, -- --- ·-- ·-··- ­
' 

~-Mif=_aYe..:..RE-5:}-[)EN-C-E== 6~-" MI-N ·~ 

PER-ill'i"E ~EGflVfR::Y·-· :;: =1 Q3.;af12,.... a+-. 

FR. STAGNANT ZONE = .064 
c'srR s IN SERIES usrNG lt-EORETICAL RES~ = 1.ea ... ·· ·· ·--­
csTR S IN. SERIES USING ~EAN DYE RES. = 2.00 . 
·C/UL VALUE USING THEORET CAL RESIDENCE - e4238E+OO 
0/Ub VALUE USING ~EAN OYE RESIDENCE - .3~31E•90 

TRACER STUDY 1/7 FOR COLUl·fiii Fl WAS DONE 6 DAYS AFTER STARTUP ON -~ 

SEJ?TEl•lBER 14 1974• · -· · · · · - · · · ... · ---- ... -­

-236­ •.. 
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·:· . . . . . 

EXPERIM~NTAL RESULTS C/CO 	 VERSUS THETA 

- . ... - -------· ------------- -· ·-------,. 
THETA 

.oas:. 	 o.ooo 

.170 	 ·213 
--- ·255 ~-··· ·-· -··· .458 

.340 	 .717 

.425 	 e810· 
·510 	 ·810 .' 
·5-95"" 	 .:184· 

li36l 
1.446• 
1.531 
le616 
le701 
1-· 7861-.a:z1_.

.1 ti-95:6 ., 

... 


. •-..
-237­
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TRACER RESPC~5E ANALYSIS 


DE~ITRIFICATION COLUMNS 


HYDRAULIC CHA~ACTERIZATION 

TEST ~ETH~O USING A PULSE I~PUT OF ROOA~INE DYE 

·RE~~TOR OPER~fio~ A~D "TEST .CONDJTIONS --- -- __ , ________________________________ ..-~- ~,--- --------~-y- -~ - ­

lse.oo LITRES 
2rl2- ifiTRESI-NN

7 ;c.;u,.. I.bL 
•-!H-Sll~ Ul'R£.5 -. 

. • R;3f,..~ p~a.-
75.28-:- PPB ~.. - . --- ---· ... 

DYE .PEAK TIME ·= 27.00 MIN 
.PEAK/THE-EJR.... DET = .379 
PEAK/ME~N-;:"OY~- ~~ •482 

.IVEAN•,·DY•E"Rf:S.lDE<IWE~.; 56w01h.• Mf:N:·J· 

PERBO-l~COV:iftVc: _:=10~;642-:~ .,.;:' 

fR•-·STAGN-ANl- ZO~E,-- .~13-

.CSlW. S~;IN=SER::f£S_:US'~NG"· TrBlRE-JlCALRE5-. - ­
. · CSU~S~lN~SElHJ£s-~HN~EA~o¥--E~RE5.,~ = 

0/UL VALUE USING T_HEORETtCAL RESIDENCE-~
0/UL VALUE uSING MEAN DyE RESIDENCE = 

TRACER STUDY #8 FOR COLmm F1 WAS DONE 14 ~S ~ER S'J:!AR~lJP. prq ___ _ 
SEPT~iBER 22 197 4• 
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EXPERI~ENTAb RESULTS CJCO VERSUS THETA 

-~-~--":!""-- ----- ~ 

THETA CICC 
---·-­

1e349 
la4.33 
1 •517­
1 .. ~2--
1-.686 -~ 
1-.170"­
l~...SsS-· 
1·939. 

·'lt;-4­
·704' 
• 624--:­
·5:45­
·491 
·438 
·405 
·379 

-239­



TRAC~R R~SPONSE ANALYSIS 

DENITRIFICATION COLUHNS 

·.HYDRAULIC CHARACTERIZATION 

TEST METHOD USING A PULSE INPUT OF ROOAHINE DYE 

REACTOR OPERATION ~NO TEST CONDITIONS 

TEST RESULTS AND CALCULATED VALUES 

MEA-N c0¥L_RESLOENGE?- 26--Qll Ml'N ­
PER- DYE REG-fiVER¥-· =' 1-4.1-. 3-2-0- ,._

FF..~~ ST-AGNA-:N-r ZONE_=- .-Oit3 

CSTR S IN SERieS USING THEORETICAL RES. = 1.24
CSTR S IN SERIES USING M~AN DYE RES. = 2.17 
0/UL VALUE USING THEORETICAL RESIDENCE = .1822~+01
0/UL VALUE USING M~AN DYE RESIDENCE .3017c+OO 

TRACER STUDY #9 FOR CO~UMN F1 WAS DONE ON OCTOBER 2.THIS UAS 24 DAYS 

.AFTER ST.ARTUP • 

•·. 
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CALCULATeD C/CO VE~SUS THeTA VALUES
FOR DISPERSION MODEL 

THEORETICAL DETENTION ACTUAL· o::TE:NTION 
-~ -- - .... ____ ..___ -· - --· ----- ­

.100 .74i+ .100 • 007 

.zoo .921 .zoo .231

.3oo e660 .300 .600 
e400 .TIS .4-0-o .838 
• 5-Dll • 6--96 , ~.1Hl­ .:9Z-7- • .o-o.-o -··- ·---·- - .:6£~-~ - ao01J-:- - •. 9.1.8­
• 7D.O :. .~59= .-:RJ:O­ .•-a57-·
.-a-lJu --- • s.ot: a81Nl' • 771+­
• 900 eJ+49-:c. .-91J-n··· .o6-a~ 

1~-D-DO~- .~ ~ L.o-lSll : .-- .•s--sr 
1---; 1D 0 - • .3 6-1 ~ LJ.-tlO · ..5~r­

1-~i .211 0- • 32Lf. 1.-. 2.0 0 . .449­
1-.--:3-oo- • 2-90 1.300 .382 
1.400 • 260 1.~00 .327 
1.500 .233 1. 500 .280 
1.600 .209 1.600 .Z39 
1.700 .187 1.7.00 .Z04 
1.600 .168 1.800 ~­ -.174 
1.900 .151 r-.9UO .ot.iY-8. 

2_. 000 _ .1~SJ 2~JJ--n-o.-:: - .. t~o=­

2i1QO .121~ 2-..ui{J' .;1.117"' 


Z.oii-2-nn~ ~z-­

2.i3U .....097- z..~ oo-.- .,Q7lL 
2;4«0~ .087 2~-4-&0 -­ -. Oo6­

2 i z-o-o-- •.1.os 

2.-so-o .oz.a- •2. soo •..ll57 
2~ooo • o7o 2.- 6{lQ,. .D46? 
2i760n e063' 2.700 • 0 Lt1 . 
2.800 .056 2.ooo .035 
2.900 .oso 2.900 • 030 
3.000 .045 3.000 .ozs 
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T~A~ER RESPCNSE ANALYSIS 

DE~ITHIFICATlON COLUMNS 

HYDRAULIC CHARACTERIZATION 

TEST METHOD USING A PULSE INPUT oF RODAMINE DYE 

REACTOR OPERATION AND ·tEST CONCITIONS 

tsa~OJL l ITR:E£ 
-2-•SJl L~oT-RESMIN-­

. 63 • 2.0 MtN . 
• _0 1SO UTRES' ..
.357&-oo PPB 
-3~-8~ PP-B 

TEST RESULTS AND CALCULATED VALUES 

DYE PEAK TIME = 3•00 MIN 
P£1.\K'-ITHE:OR• -_ OET · = .047 

PE-'A f<.'-1 Mt:-A ~O!'ff"P R£5' =- .-09'-3-~ 


i'oi€~N-: fl'fE,; -R:E-5-1~-----E=- 4~-a3:--. M;n.t: 

-PE~R=----tn'E- R-E£-(}VER-Y- ·=- l21 •_324- rt 

FR•- S-l"A'GNA--t-.'if:': Z---:0-:Nf: =-- •~32: 
CS3""R : 5:.:, IN.: SERlE5::: Us:I'M&--T---tt-EilR:El' t:e~L R.E£- =­ b.-{)5;;;
CSTR S IN SERIES USING MEAN DYE- RES. = 3.2&
0/UL VALUE USING THEORETICAL RESIDENCE - .118BE+o2 
U/UL VALUE USING MEAN QYE RESIDENCE -= .14J4E+oo 

Tl~CER STUDY #lO WAS THE LAST STOI>Y FOR COLUIUl Fl AND l-TAS FINISHED 

ON DECEl•ffiER 6 197 4• 
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DENITRIFICATION COLUMNS 

HYD~AULIC CHARACTERIZATION 

TEST METHOD USING A PULSE INPUT OF ROOAHINE DYE 

REACTOR OPERATION AND TEST CONDITIONS 

T-ESJ, RESUU~~D~--cAt.CJitA'fED~~ VAl.UES 

DYE PEAK TIME = 37.00 MIN
PEAK/THEOR. DET = .572 
PE-AK/-ffE-AN-D-V-E- RES = .-a31 

·Z.34-­
S.9~ 

.2567E+OO

.7366E-D1 

TRACER STUD!' #1 FOR COLtmlN F2 WAS DONE ON JUNE 5 1974 PRIOR W STARTUP 

OF DENITRIFICATIOB. 
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EXPERIMENTAL RESULTS C/CO VERSUS THETA 


THETA 

-------·--· ­
• (}2-3 
• 046-'-·
• -0-10 ..
• og:a_
.1.!6.:, 
.-139~ 

- .•1.&2­
.4.86 

.~09_ 
.232 

.255 

.276

.301 

.325 

.348 

• 31-1 

.394­
• 4ir1: 
• 4-41. 

.464: 

.487 

e5lftc­
e533 
.557 

.560 

.603 

.626 

.61f.9

.673 

.696 

• 773 

.650 

.926 


1.005 
1.082 
1.160 
1.237 
1.314
1.391 

i.Lt-69

1.546 
1.623 

C/CO 
' .• 

D_;j)jllJ::: 
(bJ)J)~;
o,.:rulo 
o~-1l'81J~ 
Q-; 0:01L 


_JH.' 01HJ-:o 

.D.DOO _ ___ o~oou­
o.noo 
o.ooo 
.077 
.170

• 334 

.477 

.657 

• .833 . 


1 ..D57. 

1:;.12-9~ 

1+3:8:1~ 


1•Z81::
-1.562 

1-:::5"23.: 

1;501"" 
1.605
1.479 
1.479 
1.523 

l:~~~ 
1.414 
1.169 

.920 


.674 


.521 


.466 


.384 


.345 

·.279 

.192 

.151

.137 

.118 
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... _- ... -· 

CALCULATED C./CO VERSUS THETA VALUES- ------- ­
FOR CSTR IN SERIES HODEL 

.......... 

: 

THEORETICAL DETENTION ACTUAL OET~NTION 
-- ··--- ------ ---- --- .. ----------- ---~- -------~ ----··---~ 

THETA C./CO THETA C./CO. 

.oso .181 •n-s-o • OtJtJo 

.1:1Hto: -• 3-27 r .11)0. .-BtJ2::-· _____ .., __.150 ~------ ·-. 44't"~: ----- --- -- .•4.51J~--
-~.n-37~-..2-B:-8- .530~ .zo-tL -~----

._z:sn::: • 6-UT; .258 .. • .n-BS=: 
• 3"011=" .£59~ .~.n.D.c,..
• ..35-U;- • JSD-; -~-• 6gs-::.~ -- •.zsr 
• -41t0-. • 719 . .ttllD · • 301.­
.450 .732 • .C.5.!l- •..442-: 

• 51)0::. .136: • s--oe=: • &-=us=­
.550 • 732 .sso .722
.&00 .723 .600 .826
.650 • 709 .650 .913
.700 • 690 .700 .980.o:·­

.750 • 669 - .750 _Ln25 . 

.8410 -· .6~6 • 8-Dtl . 1e_O'lt8 
ec.8iJ" ·gtt· •&-Sj; 1:-.~
• ..9 -D-ii • 95-':c .9'0 -'1 1-.--:o~ - ""­
•~~o;. .-5:6lr 1:.0-1177 ..

L a-o .. -~41-: - 1. D ·"- .• .964-~ 

1~-200:: .~as": 1JZ.D1}·- .7.ZZ-= 

1.4-00 .34L 1-.4-tUL- ..lt--70~

fi 61)=1=_; e20fs"c 11. 691J" .2~"" 


·m 
1.800 .197 1.800 .150
2.000 .147 z.ooo .076 

2.288~:~BB :!JS 2.4 :Bi~- - - -·- -- . ·-­
2.680 •857 2.608 .0882.8 0 • 41 2.80 .o 3 

3.000 .0013.088 • 03~3.2 .02 3.200 .001 
3.400 • 015 3.400 .ooo
3.600 .011 3.600 • 000 
3.800 • 008 3.800 .ooo
4.000 • 005 4.000 .ooo 
4.200 • 004 4.200 .ooo 
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.CALCULATED C/CO VERSUS THETA VALUES 
FOR DISPERSION HODEL 

THEORETICAL DETENTION ACTUAL DETENTION 

.100 .zoo 

.300
• 1+00 :-. 
• SBo·;-, 


- • 6-6.:0~---­

.700; 
• MJO'
.-900:: 


11.000'· 

1i 1QUcc 

1-. 201l 

1e3tHJ·· 
1.4801.5 0­

1:~88 
l.:lBB 
2 i-.O.tl1)_::: 
2i:J.OO~! 
2..i'2Dfl-:1 
z-~ 
2;. 4-Q.il:'' 

2.-$1)-0 .. 

"2~-6891:0 
2.700 
2.600 
2.900 

. 3. 000 
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TRACER RESPO~SE ANALYSIS 


DENITRIFICATION cOLUMNS 


HYDRAULIC CHARACTERIZATION 

- ..... ----· ------------..----- ­
TEST ~EtH~D USING A PULSE INPUT OF.RODAMINE. DYE 

:REi~TOR ·OPERAfio~ AND TEST CONDITION~ 
----~- -~·--- _... _:_::....... ~-~---

"TEST RESLLTS AND CALCULATED VALUES 


TRAcER sTUDY #2 FOR co1mm F2 wAs :omNE oN "AuGrisT' 23-AFTER 13 nAYs oF-­

coNTINUous OPERATION SD~CE STARTUP. 

t -247­
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EXPERI~£~TAL RESULTS CICO YE9SUS THETA 

THETA CIOC 

·084 .. 
• 169 . 

----- • 25 3 --- --·- --~·--··-.-----·---. 
e337 
e421.so6 
• 590:'­

•2 :_. 
. ­•267 -; 

·247'
·230.. ·_;_ 
·2:09. ­
•l'CJ4 
•18.3.u3-:c. 
·158 
el46 
·141 
•136 
·132
·119 ::.•us;...
·1-or-r 
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TRACFR RESPONSE ANALYSIS 

DENITRIFICATION COLUMNS 

-- - · -------- - HYDRAUliC CHARACTERIZATIO~ ·----· -----­

TEST METHOD USING A PULSE INPUT OF RODAMI~E DYE 

-·-~ ·------ ---- -···- ---- --- -- --------- ------ . --­
REACTOR OPERATION~AND TEST CONDITIONS 

v 

--·----------- ­

TEST R_ESUL TS ANO CALCULATED VALUES 

OYE PEAK TIME = 10.00 MIN .o:.: 
PB\'K--/TJtE-0-R •. OtT - .-1-~ 

P£"AK/M£AN""0Y£_ R£S·- =- .0 S1}--Qc_' 


. MEA!'hO~E~RES!fllENC£~-;;: 2fu .O.a~ tflN ~ 

P E R 0 Y E R. EC1l\tER¥ ·· --= 9~f:i5_ ,._ 

FR;-ST~G~A~~~zo~c-=- .71.4' 


CSJR=.s:::: l~::SERI~S-.::USi~.:;TME_ h1:7~--:-=-o~-I-ICAt,_ RES-._=­
CST~-s-nr-sERit:S USING MEAN" DYE RES~ =­ 2-. no-
P./UL VALUE USING THEOReTICAL R~SIOENCE = • 2711£+01
0/UL VALUE USING MEAN OYE RESIDENCE = • 3631E+OO 

TRACER STUDY #3 FOR COLUMN F2 WAS DONE AFTER COlolPLETION OF THE BACIGfASH 

ON.AUGUST 23 1974• 

,_ 

...
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EXPERIMENTAL 


THETA 

.086 

.172 

.257 

.3Lt3 

.429 

.515 
• 600 
.686 
• .:f72 - -- -- . 
• 5-5a0 
.943 

1;:+.02-9­
1_..1-tS~:
1.. 201; 
1•287 
1.a312 
1~4S8
1;544 
1.630
1.715 
1.801 
1.887 
1.973
2.eoss· 
2~_1~
2'i-23C' 
27~16-" 
2..-J.t..01 ~ 
z;4-8-1­
o5:13­
z-; 8-59 , 

RESULTS C/CO 


C/CO 

.754 
3.220 
1.535 

• 795 
• 507 
• 397 
.329 
.288 
.260: 
• 233==~ 
• 2-1-9 : 
.z12•· 
-...1:92.:. 
.185 
• 16tt:.. 
.123 
.110 
.09&­
.096 
.089 
• gs2
• B2 
• 075 
• 075: 
• 0&9­• o;~:-~ 
.~·~.JJ-5s-:· 
.- 03?~ 
• 04-6 . 
• .0~-t 1~ 

VERSUS THETA 


---·------- ­
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TRACER RE~PONSE ANALYSIS 

DENITRIFICATION COLUMNS 

HYDRAULIC CHA~ACTERIZATION 

TEST METHOD USING A PULSE INPUT OF RODAHINE OYE 

----------·~ .•. . --:--·­

REACTOR OPERATION AND TEST CONDITIONS 

VOLUME-OF REACTOR = 163.00 LITRES 
HY~RAQH-C LOAQING::::.=­ Zi 3-3- L--11 R-E-S /M-IN 
THcOR~ GAL OtT, =~ 69.96 MIN 
OYEC INJ=:CTION -­ .1U.5 0 LlTRES 
COt·W"-cOf:c- DYE ADOErr:;=- ._7-g3t:1-0o_ PPB_
0¥£-/ TAN~VO~UMe =~ 72,;9"8 PPB­

TEST R~SULTS AND CALCULATED VALUES 

DXE PEAK_TI~~ = o.OO MIN 
PEAKITHEOR-. DET - ­ • .oso 
PEAKIMaA~ ,D~!LR~S~- =-- .-&on_ 
HEAN 0¥£ -R--ESI02NCB-- 10-;__oo HlR" 

PER"'0Y~-R.E£0VERY, ==107-i4:Hi- ,..

FR.- STA-GtlANF ZON::. =- • 857 


CSTR s-IN SER.li:S- USING TAE6RETICAL:. RES. - ­ 1HJ9·, 
CSTR S IN SERI~S USING MEAN OY~ RES. = 2.50 
0/UL VALUE USING THEDR~TICAL R~SIOENC~ = .5375E+01 
0/UL VALUE USING MEAN uYE RESIDENCE = .22'+~E+OO-

llmACER STUDY #4 FOR COLUI•IN F2 WAS DONE ON OCTE?..BER 2. THIS WAS 

ROUGHLY 118 DAYS AFTER THE INITIAL STARTUP • 
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EXPERIMENTAL 

THETA 

.043 
• 086 

.129

.172 

• 214

.257 

.300­
.343 

.386 

• 429 

.472. 
• 515 

.557 

• 600 

.6-4-3 
• 686 

.729 

.772 

.815 

.858 

• 901 

.943 

.986 


1.029 
.1. 072 
1.115 

- 1.158
1.201 
1.244
1·. 287 

1.429 

RESULTS C/CO VERSUS TriETA 

C/CO 

1.932 
7.619 
5.522
3.15-2 
1.781 
1.083 


.713


.562 

-----~5 -------- ­

.315 


.274 


.234 


.22& 

.214 


.206 

.• 189 


.175 


.1&7 

.137 


.096 
~ 0.&9_--c~--- . 
.055 
.055 
.052 
.0'+9
.0Lt7 

.OLtLt 

.0-+1 

.t140 

.038 

.034 


-252­
. ... 



TRACER RESPONSE ANALYSIS 

.DENITRIFICATION COLUMNS 

HYDRAULIC CHARACTERIZATION --­

TEST METHOD USING .A PULSE INPUT OF RODAHIN£ DYE 

. ·-----·----- -- ­
REACTOR 	 OPERATION AND TEST CONDITIONS 

VOLUME OF REACTOR = 163.00 LITRES 
HYDRAULIC LOADING = 2.40 LITRES/HIN
THEORETICAL DEli - 67.92 MIN
DYE INJECTION = • 015 0 LIT RES ­
CONC OF 	 DYE ADDEO = .357E+06 PPB·
DYE I TANK VOLUME = 32.85 PPB 

TEST RESULTS AND CALCULATED VALUES 

DYE PEAK TIME = 5.00 MIN 
PEAK/THEOR. Oil = .074 
PEAK/MEAN DYE RES = .• 667 


· -~-· MEAN DYE RESIDENCE= 7. 5 G tHN 

. -PER 	DYE RECOVC:RY = 92.109 ,.

FR•. STAGNANT ZONE= .S90 

CSTR S 	 IN SERIES USING THEORETICAL RES. = 1.08
CSTR S 	 IN SERIES USING M~AN DYE RES. = 3.00 
0/UL VALUE USING THEORETICAL RESIDENCE = • &59oE+01
0/UL VALUE USING MEAN DYE RESIDENCE = e1628E+OO 

TRACER STUDY #5. FOR COLUMN F2 WAS THE LAST AND ~S VAS RUN ON DECEM:SER 5.­

··­
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