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ABSTRACT 

DYNAMICS AND CONTROL OF TEMPERATURE IN THE 

AEROBIC DIGESTION OF WASTE ACTIVATED SLUDGE 

by John P. Sparks 

Pilot plant data and computer simulation show significant 

process benefits from the separation of aeration and mixing 

in open tank aerobic digestion. Open tank operation results 

in surface heat losses which cancel the heat gain of the 

exothermic organism decay reaction and drive digestion 

temperatures toward ambient atmospheric conditions. 

Diffused aeration produces a further evaporative heat loss 

through vapor enrichment of the diffused air. Mechanical 

mixers, however, elevate digestion temperatures through heat 

input from mixing and lower required air flow rates. Solids 

destruction rates are increased by higher digestion 

temperatures and increased oxygen transfer efficiency. For 

this reason, mechanical mixers should be included in the 

design of aerobic digesters and may relieve overload 

conditions at existing wastewater facilities. Also, the 

correlation between temperature history and solids 

destruction indicates that time-temperature data may be a 

valid indicator of sludge stability. 
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INTRODUCTION 

Contemporary wastewater treatment systems have developed 

into complex biological operations capable of producing high 

quality effluents. Unfortunately, clear effluent streams 

are not the only end product of a biological treatment 

plant. Sludges which contain biodegradable organic solids 

are also produced in large quantities. These sludges must 

be treated prior to disposal. This sludge treatment and 

disposal typically amounts to forty percent or more of the 

total cost of wastewater treatment. 

Current practice is to accomplish some degree of sludge 

destruction on site, dewater the remaining solids, and 

transport these solids to some ultimate disposal site. 

Solids destruction is generally achieved through either 

anaerobic or aerobic digestion. The advantages of aerobic 

digestion are that it is simple, to operate, requires 

relatively low capital expenditure, and produces a stable 

sludge with low potential for generating odors. These 

advantages have made aerobic digestion the process of choice 

in most small (less than 2.5 MGD) treatment plants. 

Aerobic digestion is simply aerobic biological 

degradation of organic material including microorganisms. 

As less fit bacteria die, remaining populations are able to 

utilize some of the cellular remains to sustain respiration. 

The net effect is a continual decrease in solids 
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concentration to a point where the sludge is no longer 

biologically active. The rate of solids destruction is 

dependent on many variables, but temperature is one of the 

most significant variables in any rate expression. Aerobic 

digestion rates are greater at higher temperatures. 

Several researchers have described heat-conserving 

operating strategies for closed-tank aerobic digestion 

systems. Their approach has been to develop an energy 

balance for the digester and identify those variables which 

can be manipulated by the operator. These efforts have 

proven successful and autothermal aerobic digestion 

processes can now sustain temperatures as high as 120 °F. 

Extrapolating these strategies to open-tank systems, 

however, is a more complex task. Meteorological factors 

which are difficult to measure and impossible to control 

play significant roles in heat balances on digesters with 

open water surfaces. Nevertheless, researchers have 

theorized, but not proven, that temperature can be 

controlled in an open-tank aerobic digester. 

The general objective of this research is to identify 

design and operational strategies for heat conservation in 

the open-tank, diffused air, aerobic digestion process. 

More specific objectives are to: 

1. Develop a dynamic mathematical model to 

predict temperature and solids destruction trends 
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given a set of weather conditions. 

2. Identify variables which can be controlled to 

improve process performance with respect to 

operating temperature and solids destruction. 

3. Conduct bench and pilot scale tests to 

demonstrate the general validity of the dynamic 

model and the effect of controlling system 

variables. 

4. Recommend design and operational strategies to 

realize the benefits of elevated temperatures in 

open-tank aerobic digesters. 

Much of this work is an extension of theory first 

proposed by Andrews and Kambhu (6,7). However, several new 

features have been added to account for open-tank operation 

and uncontrollable weather conditions. All sludges used 

were produced in the City of Houston 69th Street Wastewater 

Treatment Plant. 
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FUNDAMENTALS OF AEROBIC DIGESTION 

A. Reaction Mechanism 

Aerobic digestion is the biological oxidation of organic 

sludges under aerobic conditions. The pertinent reactions 

are: 

organic microorganisms more 
+ 02  > + CO 2 + H2O (1) 

matter micros 

cellular microorganisms biologically NH4+ 

+ O2 > inert + CO2 + H2O + or (2) 
matter matter NO3- 

The synthesis reaction (1) is significant in processes which 

aerobically digest primary sludges or waste activated 

sludges from processes which do not utilize primary 

sedimentation of raw wastewater. The organism decay 

reaction (2) is predominant in the aerobic digestion of 

waste activated sludges. It is the organism decay reaction 

which results in the major reduction of organic solids in 

the aerobic digester. 

The mechanisms by which microbial matter is destroyed are 

highly complex. A simplified process (Figure 1) has been 

proposed by Gould and Drnevich (11), among others. Stressed 

microbes slowly leak their organic material and eventually 
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lyse. The resulting organics are solubilized into products 

which remaining bacteria can utilize in respiration. These 

soluble organics are then exothermically oxidized to carbon 

dioxide and other products by metabolic respiration 

processes. The heat of reaction evolves from inefficient 

intracellular energy utilization during respiration. The 

initial solubilization of cellular material explains 

observations made of large sludge BOD increases during 

periods of rapid solids destruction (11,13). Respiration 

was not keeping pace with solubilization. 

B. Fate of Nitrogen 

Typical waste activated sludges contain 6.8 to 8.5 

percent organic nitrogen by weight (35,29). This nitrogen 

is initially solubilized almost exclusively as ammonia (29). 

In an aerobic system, however, nitrification generally 

occurs when the sludge age is greater than about ten days 

(29), operating temperatures are below 104 °F (36), and 

thermal shocks (rapid temperature declines of greater than 9 

°F) are avoided (21). Nitrification does take place in most 

open tank aerobic digesters. 

Nitrogen can also be removed through air stripping or 

denitrification. Nitrogen losses in laboratory scale 

aerobic digesters have been attributed to stripping of 

ammonia gas by diffused air flow. Bishop and Farmer (35) 

demonstrated denitrification in digesters operating at 
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dissolved oxygen (DO) concentrations of less than 1.0 mg/L. 

Anaerobic regions within the floe were cited as the cause of 

nitrogen balance losses of 15 to 17 percent. They concluded 

that no denitrification occurs at DO concentrations greater 

than 2.0 mg/L. Denitrification can also occur during the 

non-aerated settling periods of intermittently operated 

digesters. 

Despite the potential for nitrogen removal through 

denitrification, nutrient removal during aerobic digestion 

may not be an appropriate process objective. Flows through 

the aerobic digesters are a small percentage of total plant 

output of nitrogen. Denitrification may be necessary, 

however, when the high nitrate concentrations associated 

with aerobic digesters cause operating problems in other 

treatment units downline (22). 

C. Oxygen Transfer 

The efficient supply of oxygen is of key importance in 

aerobic digestion. Assuming that the formula C5H7NO2 is 

representative of the cellular matter of a microorganism 

(6,10,34), the organism decay reaction then becomes 

C
5
H7°2 + 502 ”> 5co2 + 2H

2° 
+ NH4+ + energy (3) 

or 

C5H7O2 + 702 —> 5C02 + 3H20 + H+ + NO3- + energy (4) 
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depending on whether or not nitrification occurs. This 

results in a theoretical oxygen demand of 1.42 lbs of oxygen 

per lb of microorganisms oxidized in reaction (3). This 

value compares favorably with COD tests by Kambhu (6) of 

thermophilic microorganisms grown on glucose substrates and 

of batch testing by Reynolds (14). 

Oxygen is generally supplied through diffused aeration or 

surface mechanical aeration. The disadvantage of surface 

aerators is that they cause significant process heat loss 

arising from the intimate contact of a large water spray 

area with air at ambient temperatures (12,15). Diffused 

aerators are handicapped by low oxygen transfer efficiencies 

(the ratio of oxygen actually used in the biological 

reaction to oxygen provided the reactor). Compounding the 

oxygen transfer problem is the use of coarse bubble 

diffusers to avoid diffuser clogging (22). Fine bubbles 

would result in higher oxygen transfer efficiencies because 

of their larger surface area to volume ratio (10). In any 

system, aeration should be adequate to maintain a DO of 2.0 

mg/L. 

In most aerobic digesters, aeration serves the dual 

purpose of providing both oxygen and mixing. Ahlberg and 

Boyko ’ (22) recommend aeration power capacities for 

maintaining six percent solids in suspension. Walker and 

Drier (23) consider that mixing controls the aeration power 
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input required for aerobic digestion at about 1.0 horsepower 

per 1000 ft^ of reactor volume. Environmental Protection 

Agency (EPA) design procedures (25) recommend 1.0 to 1.25 

hp/1000 ft^. Air flow rates corresponding to these power 

inputs range from a minimum 20 standard ft^ per minute per 

1000 ft^ of reactor volume (25) to 50 scfm/1000 ft^ 

specified by the Province of Ontario (12). Solids 

deposition and oxygen deficiencies have been noted, however, 

in digesters operating at 20 scfm/1000 ft^ (22). 

D. Reaction Kinetics 

Aerobic digestion kinetics are normally represented by a 

simple first-order decay of the form 

dX/dt = -kD X (5) 

where kp = organism decay constant (time-^) 

X = solids concentration, (mass/volume). 

There is disagreement as to how the decay constant should be 

determined and what parameter should be used to represent X. 

The total suspended solids (TSS) present in waste 

activated sludge can be divided into volatile suspended 

solids (VSS) and nonvolatile suspended solids (NVSS) as 

follows : 

TSS = VSS + NVSS. (6) 
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The VSS are a rough estimation of the organic fraction of 

the sludge and can be subdivided into biodegradable volatile 

solids (BVS) and nonbidegradable volatile solids (NBVS): 

VSS = BVS + NBVS. (7) 

Whereas TSS, VSS, and NVSS are easily determined in the 

laboratory, BVS is not directly measurable and can only be 

estimated from other measurements. All solids parameters 

are dependent on the history of the sludge and in particular 

on the solids retention time at which the sludge was 

produced (16). 

Reduction of both VSS and NVSS during aerobic digestion 

is well-documented in the literature. Reece, et al (16), 

studied NVSS reduction of a sludge grown on a soluble 

substrate. They explained NVSS reduction as the 

solubilization of such cellular material as phosphate 

groups, magnesium ions, iron, and other inorganic cations. 

They further proposed osmotic losses of these compounds from 

"leaky" cells which are having difficulty surviving 

endogenous conditions. Others (9,14,19,22) have noted 

similar results in tests where the VSS to TSS ratio of 

digesting solids remained constant with time. Koers and 

Mavinic (19) concluded that the elemental composition of 

sludge does not change during digestion. This microbial 

theory supports using TSS as the solids concentration 

parameter of the decay reaction (5). 
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Statistical analyses of data also indicate that TSS 

provides the best fit to the decay reaction in a least 

squares sense (8,16). Reece, et al (16), noted that TSS is 

also more suitable for use than VSS since VSS is a 

calculated variable and thus subject to more error. Typical 

solids concentration profiles from their work are shown in 

Figure 2. Assumptions of a constant NVSS fraction appear 

justifiable only for a sludge known to contain appreciable 

amounts of noncellular inorganics such as grit. In other 

sludges TSS, VSS, and NVSS all undergo parallel destruction. 

TSS therefore best defines these systems. 

The decay constant, k^, is dependent on initial 

concentration of solids, temperature, mixing, oxygen 

transfer rate, composition of solids, concentration of 

nutrients, concentration of microorganisms, type of 

microorganisms, and physiological condition of the 

microorganisms (7). A rate equation which takes all of 

these factors into account would be overly complicated and 

of questionable technical value due to the difficulty or 

impossibility of measuring some of the above. Previous 

research has therefore centered on kinetic rate effects of 

concentration of solids, dissolved oxygen, and temperature. 

Oxygen transfer is essential to the aerobic digestion 

process as illustrated by the stoichiometry (Equation 4). A 

low DO concentration can limit the reaction, and essentially 
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FIGURE 2 

TYPICAL SOLIDS DESTRUCTION DURING AEROBIC DIGESTION 

after Reece, et al (16) 
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anaerobic conditions promote reactions far removed from the 

desired aerobic organism decay. Cohen (21) states that DO 

concentrations will not affect the decay constant as long as 

a minimum level of 1 to 2 mg/L is maintained. 

D'Antonio (8), using batch tests performed under 

conditions of DO in excess of the above limits, showed decay 

constant dependence on initial solids concentration. Decay 

rates tended to decline as initial concentrations were 

increased over a range of two percent solids. This factor 

can be significant if digesters are subject to wide 

fluctuations in process feed concentration. 

Temperature variations have a significant effect on 

aerobic digestion. Biological reaction rates generally 

increase with temperature; the standard rule of thumb being 

that the rate constant doubles with each 18 °F rise. The 

situation is complicated by the occurance of microbial 

population shifts from the psychrophilic (32 to 86 °F) to 

the mesophilic (59 to 113) to the thermophilic (above 104) 

ranges. Operation in the thermophilic range can cause 

significant rate increases (11,31,36); however, open-tank 

digesters typically operate in the mesophilic range. 

Increases in the rate constant through the mesophilic 

range are well-documented (9,11,13,31). Randall, et al (9), 

reported solids reduction rate increases over a range of 59 

to 95 °F; Hartmann and Bennett (13) showed more rapid rates 
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of solids destruction through 86 °F; and Gould and Drnevich 

(31) concluded that 95 to 100 °F is the optimal temperature 

range for mesophilic decay. Apparent rate decreases 

observed beyond the above temperatures were qualified by 

Gossett (37). He believed that the lower rate constants at 

temperatures near the upper end of the mesophilic range were 

attributed to the batch nature of the tests. Acclimation 

problems were inhibiting the mesophilic■microorganisms, and 

that in flow-through systems with adequate time for 

acclimation the rate constants should continue to increase 

through the thermophilic range. 

Equation 8 is a standard wastewater engineering 

expression used to determine the temperature dependence of 

organism decay rates during aerobic digestion: 

k2 = ki 0
(T2 “ Tl) (8) 

where k2 

kl 

0 

Ti 

T2 

= organism decay rate (hour-^) 

= reference decay rate (hour-^) 

= empirical constant (from 1.02 to 1.15) 

= reference temperature (°F) 

= temperature (°F). 

The equation is loosely based on the Arrhenius equation 

ln(k2/k!) = E (T2 - T!)/(R TX T2) (9) 
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in that when T2 - is equal to 1 

ln(0) = E / [R Ti (Ti + 1)] (10) 

Theta is indirectly related to E, the activation energy 

characteristic of the solids destruction reaction. However, 

Equation 9 also shows that theta is not a constant but is 

instead a function of temperature. The usefulness of theta 

for the determination of temperature dependence of reaction 

rates is therefore limited to a small temperature range. 

Randall, et al (3), among others (13), have concluded that 

decay rates do not follow Equation 8 at temperatures above 

68 °F. 

E. Operating Parameters 

The advantage most often cited for aerobic digestion is 

its ease of operation. Consequently, only a few readily 

measured parameters are needed to define process conditions. 

These operating parameters are oxygen uptake rate, dissoved 

oxygen concentration, pH, alkalinity, and solids retention 

time. 

Dissolved oxygen measurements give an instantaneous 

indication of digester performance. DO concentrations of 

less than 1.0 mg/L indicate possible oxygen limitations 

(10,22). More importantly, oxygen uptake rate (OUR) is a 

reliable indicator of microbial activity. OUR can be 

directly related to solids destruction as follows: 
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OUR = 1.98 dX/dt (13) 

where OUR = oxygen uptake rate (mg 02/L/hr) 

X = solids concentration (mg BVS/L) 

1.98 mg O2 = 1.00 mg microbial mass. 

The 1.98 factor arises from the inclusion of both 

carbonaceous and nitrogenous demand in the organism decay 

reaction. When solids are defined in oxygen equivalent 

units (lbs of oxygen required to destroy 1 lb of solid), OUR 

represents a direct measurement of solids destruction rates. 

Aerobic digestion OUR values are generally in the range 

10-35 mg/L/hr, although values as high as 45 mg/L/hr at 77 

°F have been reported (22). Reynolds (14) noted a constant 

OUR of about 32.5 mg/L/hr in plant scale aerobic digesters 

with continuous feed and effluent flows. In batch 

operation, OUR behaves similarly to solids destruction. An 

initial increase with time is followed by a rapid declice 

and gradual leveling to a near constant value. Specific 

oxygen uptake rates (known as SCOUR and equal to OUR divided 

by solids concentration) typically average 0.5-4 mg 02/gm 

VSS/hr. Figure 3 details batch SCOUR values reported by 

Ahlberg and Boyko (22). 

Alkalinity and pH changes can also indicate the occurance 

of nitrification. The nitrification reaction, shown below, 

NH4+ + 202 --> NO3 + 2H+ + H2O (12) 
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clearly results in digester acidification. Reactor pH 

decreases rapidly once the buffering capacity of the 

alkalinity is exhausted. In order to avoid large pH 

changes, Ritter (12) recommends withdrawing sludge when 

alkalinity falls below 100 mg/L. Others (22,29), however, 

have noted no operational problems at pH values less than 

4.0. Low pH levels do not appear to significantly inhibit 

nitrification as Bishop and Farmer (35) recorded 

nitrification in digesters at pH values less than 5.0. In 

thermophilic aerobic digestion, in which nitrification does 

not occur, Randall, et al (9), noted slight pH increases 

with time. 

The traditional wastewater treatment parameters of solids 

concentration and BOD are not adequate to define digester 

operation. Although solids concentration tends to show a 

rapid downward trend followed by a gradual leveling, 

Hartmann and Bennett (13) stated that continuous monitoring 

of solids destruction gives erratic values possibly because 

of variation of solids composition in the feed sludge and 

the failure of first-order kinetic assumptions at higher 

temperatures. BOD values do not indicate the organic 

content of aerobically digesting sludge. Rather, BOD 

relates to the metabolic activity of endogenous microbes 

present in an environment with little biodegradable organic 

material available (19). The BOD of digester supernatant 

liquid should show little change with time. 
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F. Stability 

A major objective of aerobic digestion is to produce a 

stable sludge. Stability is generally defined as the point 

at which biological activity has essentially ceased. Stable 

sludges present no odor problems and have a substantial 

value as a soil conditioner and fertilizer (10). Stabilized 

sludges also have lower pathogenic organism counts (11). 

The literature is in much disagreement, however, as to what 

parameter should be used for measuring sludge stability. 

Operators generally waste sludge from aerobic digesters 

based on total elapsed time or on measured parameters which 

indicate undesirable process conditions. In the latter 

case, sludge is most often wasted because solids 

concentrations are too high to permit settling or to permit 

the air supply to provide a residual DO concentration (22). 

Sludges wasted for these reasons may or may not be stable. 

In the total time case, the Texas State Department of Health 

requires a 45 day solids retention during aerobic digestion. 

Ahlberg and Boyko state that a 120 day solids retention time 

is necessary to insure stability (22). Economy clearly 

dictates stability criteria other than a 120 or even 45 day 

solids retention time. Alternative measurements most often 

mentioned in the literature are specific oxygen uptake rate 

(SCOUR), volatile solids reduction, and sludge age based on 

temperature history. 
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SCOUR values, rather than OUR, are chosen to standardize 

the degree of treatment among plants processing sludges with 

widely varying biological degradability characteristics. 

Fair and Moore (38) have shown that primary solids exhibit 

much higher OUR values than waste activated sludge at the 

same level of solids destruction. SCOUR values, however, 

normalize biological activity by dividing the oxygen uptake 

by the volatile solids concentration. Steady SCOUR values 

of 0.4 to 1.0 mg/gm VSS/hr may be a good indicator of 

stabilization for aerobically digested sludge no matter what 

the origination of the sludge. Koers and Mavinic (19) 

qualified the SCOUR stability indication by noting that 

sludge digested at temperatures below 50 °F is not 

necessarily stable when disposal is at higher temperatures. 

Hartmann, et al (13), however, state that stability is 

related to a rapid decline in total microbial population 

followed by the appearance of certain rotifer groups. The 

appearance of the rotifers is dependent on the degradation 

of a final small fraction of the biodegradable sludge and is 

associated with low SCOUR values. Significant increases in 

stability occur at these SCOUR values, and therefore Hartman 

concluded that low SCOUR is not a sole indicator of product 

stability. Nevertheless, SCOUR values do directly correlate 

with microbial activity and are considered to be a good 

stability indicator when combined with other data such as 

sludge age (36). 
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Volatile solids reduction is historically the most widely 

used parameter for defining aerobic digester performance 

(30). It has been shown, though, that solids destruction 

does not always equal organics removal (11). It is not 

surprising that most authors (13,20) do not regard constant 

solids concentration as an indication of stable sludge. 

Small changes in the percent reduction of solids can 

indicate considerable microbial activity in thick sludges. 

Stability criterion measured on a sludge age and 

temperature basis evolved from a correlation between 

temperature, sludge age, and VSS destruction first reported 

by Koers and Mavinic (19). Their plot of VSS reduction 

versus the product of digestion temperature and sludge age 

(°C days) is shown in Figure 4. The dashed line represents 

plant scale data collected from three distinct digestion 

systems while the solid line represents experimental data at 

the pilot level. Their resulting curves show a marked 

decrease in biological activity between the 250 and 300 °C 

day point which is an indication that stability may have 

been reached. Temperature does strongly affect microbial 

activity (and hence stability) and many authors 

(9,19,30,32,36) have long felt that digestion temperatures 

should be considered along with sludge age in the 
f 

establishment of regulations for sludge disposal. 

The lead acetate test, in which production of hydrogen 
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sulfide gas by microorganisms is detected, has been proposed 

as an indicator of sludge stability. However, the lead 

acetate test takes up to 20 days to perform and is therefore 

unsuited to real-time operating decisions (30). 
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TEMPERATURE EFFECTS 

A. Operating Parameters 

Temperature affects almost every aerobic digestion 

process variable either directly or indirectly. Positive 

effects center mainly around the increased organism 

destruction rates promoted by higher temperatures. Solids 

reduction occurs much faster, and stable sludges can be 

acheived in much shorter detention times. If temperature 

can be sustained above 104 °F, nitrification can also be 

prevented (36). This eliminates potential alkalinity 

depletions and pH problems, as well as resulting in lower 

aeration operating costs by avoiding oxygen requirements for 

nitrification. 

On the negative side, increased temperatures decrease 

oxygen transfer rates (10,11). Aeration can be modeled 

using the two-film theory of gas transfer shown below: 

rA = KLa (DOs - DO) (11) 

where rA = rate of oxygenation (mg 02/L/hr) 

KLa = reaeration constant (hour-^-) 

DOs = saturation DO concentration (mg/L) 

DO = dissolved oxygen concentration (mg/L). 

Of major importance is that the saturation levels of DO 

decrease with increasing temperature, thus considerably 
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decreasing the driving force available for oxygenation. The 

reaeration constant, Kj^a, shows some increase with 

increasing temperature as it is directly proportional to the 

molecular diffusion coefficient for oxygen (33). The net 

effect of higher operating temperatures on a coarse-bubble 

diffused air system with limited KLa is lower rates of 

oxygen supplied to the reactor. Pure oxygen aeration is one 

solution to the problem (11). Pure oxygen increases the gas 

partial pressure of oxygen which in turn increases the 

saturation DO. 

Foaming is another possible drawback of high temperature 

digestion. Ahlberg and Boyko (22) believed that foaming 

problems noted in their digesters were caused by high 

operating temperatures. 

A grey area is the effect of higher temperatures on 

digested sludge filterability and settleability. Detention 

times of greater than twenty days have been shown to result 

in significant deterioration of sludge dewatering properties 

(8,22). Others have noted poor dewatering properies at high 

operating temperatures. Randall, et al (9,31), recommend 86 

to 95 °F digestion for optimal dewatering. Hartman and 

Bennett (13) suggest that 86 °F digestion results in the 

most rapid establishment of desirable stability 

characteristics which include dewaterability. Bishop and 

LePage (32), however, attribute poor filterability to 
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digestion beyond the endpoint of solids destruction. They 

state that rapid deterioration of filterability is caused by 

size reduction of sludge particles by turbulence. The fine 

VSS particles tend to clog filter pores. They concluded 

that filterability is improved by higher digestion 

temperatures up to the cessation of VSS destruction. 

The ultimate mass of solids destroyed may also be 

increased at higher temperatures. Andrews and Kambhu (6) 

theorized that the fraction of volatile solids which are 

biodegradable may increase with increasing temperature. 

Their reasoning was that organics are increasingly soluble 

at higher temperatures, bacteria display high substrate 

utilization rates at higher temperatures, and organism decay 

occurs more rapidly at higher temperatures. 

B. Energy Balances 

The benefits of higher digestion temperatures have not 

been ignored by process designers. Ahlberg and Boyko (22) 

recommended techniques for conservation of heat through 

digester common wall construction, location of digesters 

below grade, and covering the reactors. Brody (12) 

addressed the high heat losses of surface mechanical 

aerators and suggested covering aerobic digesters in order 

to realize the cost benefits of mechanical systems without 

paying the temperature penalty. Heat balance approaches to 

the temperature problem shifted the emphasis from 
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qualitative design techniques to quantitative operating 

procedures. 

Initial heat balance efforts were aimed toward 

temperature prediction in aerated lagoons. Eckenfelder (4) 

was one of the first to propose a simple expression for 

temperature prediction. Novotny and Krenkel (4) developed a 

heat balance which accounted for solar radiation, surface 

evaporation, surface conduction, and aeration by either 

surface mixing or diffused air. Using average 

meteorological conditions, they compared the predictions of 

their model to published operating temperatures of activated 

sludge and aerated lagoon systems and found a good 

correlation when ambient air and process temperatures were 

no more that 15 to 20 °F apart. Argaman and Adams (5) 

improved the model by adding terms to account for heat lost 

by wall conduction, heat added by mechanical energy input, 

and heat produced by biological reaction. Their model was 

verified using monthly average weather data and process 

temperatures of a surface-aerated activated sludge plant; 

major heat losses were identified as long-wave atmospheric 

radiation, surface evaporation, surface conduction, and 

evaporative losses due to mechanical aerator spray. Heat 

was added by short-wave solar-radiation, mechanical energy 

input, and the exothermic biological reaction. 

Kambhu and Andrews (7) developed an aerobic digestion 
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temperature model for closed reactors. Their work was based 

on computer simulations which pinpointed the relative 

contributions of heat production and loss terms during 

aerobic digestion and demonstrated that thermophilic 

digestion temperaures could be maintained solely through 

conservation of the heat of biological reaction. They 

identified vapor enrichment of diffused air as a major heat 

loss and possible limitation to attainable reactor 

temperatures. 

C. Heat Input by Biological Reaction 

Many researchers working independently have discovered 

constant heats of combustion for the aerobic digestion of 

organic solids. Kambhu and Andrews (7) related heat of 

combustion to oxygen uptake rates for fourteen organic 

compounds. Their results yielded values of 5750 to 6500 

BTU/lb of carbonaceous oxygen equivalent (OEC); they settled 

on an average of 6100 BTU/lb OEC. Jewell and Kabrick (10) 

used COD changes to track energy production and concluded 

that digesting sludge evolves 6300 BTU/lb COD. Drnevich 

(11) supported the Kambhu and Andrews figure, while other 

authors (43) placed the thermal content at a still higher 

6534 BTU/lb OEC. 

Nitrification is also an exothermic reaction which 

evolves 11000 BTU/lb N oxidized. In nitrifying systems this 

term has to be added to the carbonaceous term above. Since 
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sludges average about eight percent nitrogen by weight, the 

nitrification contribution to the overall heat balance 

amounts to about fifteen percent of the carbonaceous heat 

production. 

Heats of reaction can be easily calculated from oxygen 

uptake rates, but care must be taken in the selection of the 

carbonaceous oxygen equivalent of the sludge. Fair and 

Moore (38) have shown that primary sludges have greater OEC 

values than do waste activated sludges. Oxygen uptake rates 

are related to solids concentration through OEC and the 

organism decay constant and are often calculated rather than 

measured. An oxygen uptake rate calculated from solids 

concentration data and an erroneous OEC will not be able to 

correctly predict the heat associated with reductions in 

total solids. Equivalent rates of solids destruction in 

both primary sludge digestion and digestion of waste 

activated sludge result in a greater heat production in the 

waste activated sludge system reflected through the OEC of 

the sludge. 

D. Autothermal Aerobic Digestion 

The bulk of recent studies on aerobic digestion 

temperature effects center on elevating operating 

temperatures into the thermophilic range. The term 

autothermal thermophilic aerobic digestion was thus coined 

to describe a process which can sustain thermophilic 
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operating temperatures solely on the contribution of the 

biological heat production term. Jewell and Kabrick (10) 

summed up the requirements for autothermal thermophilic 

operation: 

- organic loading rates to the digester must be 

kept at 0.5 to 0.6 pounds of biodegradable 

chemical oxygen demand per cubic foot of reactor 

volume per day 

- the totally enclosed reactor must be well- 

insulated 

oxygen transfer efficiency must exceed ten 

percent. 

Their pilot scale work confirmed theory by operating in the 

thermophilic range. 

Other researchers (7,11,36) investigating thermophilic 

operation have had a recurring comment. Heat loss due to 

airflow, caused by evaporative heat lost to the vapor 

enrichment of diffused air, is normally the largest term in 

the heat balance of a batch aerobic digester. Heat for 

raising the sludge to operating termperatures is normally 

the largest heat requirement in continuous flow digesters 

(7). All researchers show that high efficiency oxygen 

transfer systems are needed to sustain thermophilic 

operation. High oxygen transfer efficiency proved essential 

enough to process performance that Matsch and Drnevich (36) 

were able to show economic benefits with pure oxygen 
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aeration systems. 
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MODEL DEVELOPMENT 

A major portion of this research consists of the 

adaptation of existing aerobic digestion models to the 

prediction of temperature in open-tan,c systems. The model 

developed here, which is composed of material and energy 

balances around an aerobic digester, was arrived at in three 

basic steps. First, existing closed-tank models were 

examined for applicability. Secondly, water surface heat 

exchange terms were added to account for open-tank 

conditions. Finally, and perhaps most importantly, 

mathematical expressions were developed based on the 

criteria of selecting variables which are easily and 

inexpensively measured. 

A. Mass Balances 

The destruction of solids is modeled as a first-order 

reaction with respect to total biodegradable suspended 

solids (BDS) concentration: 

dBDS/dt = - kD BDS (5) 

where BDS = biodegradable solids (lb/ft^) 
t 

kp = organism decay rate constant (hour--*-). 

BDS are defined as 
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BDS = TSS - NBDS (14) 

where NBDS = nonbiodegradable solids (lb/cubic foot). 

Solids differentiation is therefore made on a degradability 

basis. Nonbiodegradable solids, whether they be volatile or 

nonvolatile, are defined as 

NBDS = fracNBD TSS! (15) 

where frac^so = nonbiodegradable fraction of TSSi 

TSSi = initial TSS concentration (lb/ft1). 

The BDS characterization of the reaction rate is appropriate 

since the sludge is degritted in primary treatment units, 

screened prior to thickening, and has a one day sludge age. 

Nonvolatile solids are therefore primarily biologically 

related. 

The rate constant is assumed- to be a function of 

temperature using the traditional function for biological 

processes: 

kB = kgs (8) 

where kgs = 68 °F rate constant (hour-1) 

0 = temperature coefficient 

Tw = digester temperature (°F) 
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Reaction (5) is valid only under constant volume, batch 

reactor conditions. Since aerobic digesters are frequently 

operated as variable volume reactors, a mass balance 

approach must therefore be used: 

d(MASS)/dt = Fj BDSj - FQ BDS - kD BDS V (16) 

where MASS = total BDS in system (pounds) 

BDSi = influent BDS concentration (lb/ft^) 

Fj = influent flow rate (ft^/hour) 

FQ = effluent flow rate (ft^/hour) 

V = reactor volume (ft^). 

BDS concentration is then calculated as 

BDS = MASS/V. (17) 

The volumetric material balance is 

dv/dt = Fj - F0 - EVAP/pW (18) 

where EVAP = total evaporation rate (lb/hour) 

PW = density of water (lb/ft^) 

V = digester volume (ft^). 

The influent term in the volume balance also includes 

précipitât ion. 

B. Heat Balance 

Heat terms are divided into four groups; surface heat 

exchange terms, heat exchanges due to aeration, heat of the 
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biological reaction, and fluid flow terms. A graphical 

representation of all the heat balance terms is shown in 

Figure 5. For the balance, the aerobic digester is 

considered to be a completely stirred reactor with surface 

temperature equal to reactor temperature. 

The classic net energy exchange between a water surface 

and the atmosphere above it is represented by 

AHS = HR - HE ± Hsc (19) 

where AHg 

HR 

HE 

Hsc 

= energy flux through surface (BTU/ft^/hr) 

= net radiation flux (BTU/ft^/hour) 

= evaporative energy flux (BTU/ft^/hour) 

= surface conduction flux (BTU/ft^/hour). 

Heat loss through digester walls can also be included in the 

surface exchange terms. 

Net Radiation 

Net radiation can be divided into three components as 

follows (1): 

HR = Hg (1 - a) + Ea HLD “ 
H
LU (20) 

where Hg = short-wave radiation flux (BTU/ft^/hr) 

a = surface albedo 

Ea = atmospheric emmissivity 

HLD = downward longwave radiation (BTU/ft^/hr) 

HLU = upward longwave radiation (BTU/ft^/hr). 
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All radiation terms contribute significantly to the overall 

energy balance. 

Short-wave radiation contains most of its energy in the 

0.1 to 4 urn wavelength range. Short-wave radiation 

magnitude depends directly upon the flux of radiation 

reaching the water surface and is diminished by atmospheric 

effects including scattering, absorption, and reflection. 

Fortunately short-wave radiation is readily measured; a 

solar cell was used in this research. 

Longwave radiation (energy content in the 4 to 100 urn 

wavelength range) is the radiant flux emitted by atmospheric 

gases and all land and water surfaces of the earth. Upward 

longwave radiation is a heat loss due to the radiant flux of 

the reactor surface. The Stephen-Boltzmann equation defines 

this flux. 

HLU = Es a Tw
4 (21) 

where Es = surface emissivity 

o = Stephen-Boltzmann constant (BTU/ft^/hr/°R4) 

Tw = water temperature (°R). 

Energy gained by downward longwave radiation is more 

complex and dependent upon many factors including air 

temperature, humidity, and cloud cover. A modified Stephen- 

Boltzmann equation is assumed (1): 
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hLD = Ea a (1 + a mc
b) Ta

4 (22) 

where Ta = air temperature (°R) 

me = cloud cover (tenths) 

a,b = empirical constants. 

The atmospheric emissivity is in turn defined as (1): 

Ea = 0.522 ea
(1/7) (23) 

where ea = vapor pressure of ambient air (mbar). 

Vapor pressures are easily calculated from ambient air 

temperature, relative humidity, and atmospheric pressure. 

An empirical evaporation formula developed by Meyer (2) 

for evaporation from lakes is used to estimate the surface 

evaporation rate: 

where RE = rate of evaporation (feet/hour) 

k£ = evaporation constant 

uw = wind velocity (feet/hour) 

Cg = saturation absolute humidity of air at water 

surface temperature (lb vapor/lb air) 

Cz = absolute humidity of ambient air (lb/lb). 

The evaporative heat loss is then calculated as 

Surface Evaporation 

RE = k£ (1 + 35000/uw) Uy (Cg - Cz) (24) 
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Hg = RE LE PW (25) 

where LE = heat of vaporization of water (BTU/lb). 

The evaporative constant is dependent on many factors 

including latitude, surface area, and surface turbulence. 

Easterbrook (2) presented data which showed that surface 

turbulence reduces evaporative flux, and Sutton (2) 

theorized evaporation is proportional to a power of surface 

radius of between 1 and 2. The small, turbulent surfaces 

found in aerobic digesters would therefore be expected to 

display surface evaporation rates much lower than those 

predicted for lakes in Equation 24. Evaporation is 

generally a heat loss, but can be a heat gain when ambient 

air temperatures are much greater than water surface 

temperatures and condensation results. 

Surface Conduction 

The driving force behind surface conduction is the 

temperature differential between the water surface and the 

ambient air. The expression for this heat exchange is 

Hsc = ^E PW Cpa uw (Ta - Tw> (26) 

where Cpa = specific heat capacity of air (BTU/lb/°R). 

The evaporation constant appears again because evaporation 

and heat transfer in air have similar Prandtl numbers and 

therefore nearly equal transfer coefficients (2,4). 
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Heat Transfer through Digester Walls 

Heat transfer through walls is aptly described by the 

classic expression used for determining insulation 

requirements 

HW = U (Tsurr - Tw) (27) 

where H^ = wall heat loss (BTU/ft^/hour) 

U = heat transfer coefficient (BTU/hour/°R) 

TSurr 
= surrounding temperature (°R). 

In concrete reactors placed below grade, Tsurr is dependent 

on the location of the groundwater table. Digesters 

surrounded by moist earth can display three times the wall 

heat transfer of digesters surrounded by dry earth. 

Diffused Aeration 

Terms for expressing heat losses or gains due to aeration 

depend on the type of aeration employed in the process. 

Diffused aeration adds terms due to the temperature 

differential between the diffused air and the digesting 

sludge, heat loss of vapor enrichment of the diffused air, 

and heat gain of the turbulence created for mixing. 

Although air headers are invariably hot to the touch, 

diffused aeration does not necessarily result in a net 

energy gain to the digester. The first law of 
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thermodynamics rules that the temperature of compressed air 

must be higher than that of the ambient air which entered 

the compressor. This energy input to the air by the 

compressor is partially transferred to the digester as 

pressure/volume work as the volume of the compressed air 

expands back to atmospheric pressure. 

Essentially isothermal conditions can be assumed since 

the heat capacity of water is much greater than that of air. 

The diffused air therefore leaves the reactor at digestion 

temperatures. This temperature differential between the 

ambient air which entered the compressor and the diffused 

air which exited the reactor translates into an energy loss 

to the digester when air temperatures are lower than 

digester temperatures and an energy gain when air 

temperatures are higher. The heat balance term accounting 

for this change in air temperature is: 

HQ = QG PG Cpa (Ta - Tw) (28) 

where HQ = gas temperature heat term (BTU/hour) 

QQ = gas flowrate (ft^/hour) 

PQ = density of ambient air (lb/ft^). 

A second evaporation term is also associated with 

diffused aeration. Diffused air strips water vapor from the 

system at a mass flow rate dependent on the saturation 

pressure of water vapor at digestion temperatures. The air 
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enters the digester at ambient humidity and is assumed to 

become saturated with water vapor as it rises to the 

surface. The resulting evaporative heat loss is calculated 

as: 

HVap ~ Qvap (29) 

where Hvap = vapor enrichment heat loss (BTU/hour) 

Qvap = mass flow rate of vapor (lb H20/hour) 

LE = latent heat of vaporization (BTU/lb H2O). 

The mass flow rate of vapor out of the digester can be 

related to absolute humidity as follows: 

Qvap = PG QG (Qo — (30) 

where p<g = density of gas (lb/ft^) 

QQ = air flow rate (ft^/hour) 

Cz = incoming absolute humidity (lb/lb) 

Cg = exit absolute humidity (lb vapor/lb air). 

Under the assumption that air enters the basin at ambient 

temperature and humidity and leaves the basin at saturation 

with respect to digester water temperature, the change in 

absolute humidity can be determined from measured 

parameters: 

C0-Cz 
= ew/(Patm

-ew) - es ^h/^-®^/(^>atm-es Rh/^O^) (31) 

where ew = saturation pressure of air at Tw (mbar) 
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patm = atmospheric pressure (mbar) 

es = saturation pressure at Ta (mbar) 

Rh = relative humidity (percent). 

Saturation pressures are exponential functions of 

temperature as shown in Figure 6. Factors leading to large 

vapor enrichment losses are therefore large air flow rates, 

high water temperatures, low ambient air temperatures, and 

low ambient humidities. 

Mixing Input 

The heat term for mixing is due to the power provided to 

the liquid by the source of the mixing. This heat input can 

be transmitted by an air compressor or by mechanical mixing, 

and can be estimated from the horsepower input per unit 

volume of reactor: 

HM = 2546 HPV -V (32) 

where = mixing heat input (BTU/hour) 

HPy = horsepower input per unit volume (HP/ft^) 

V = reactor volume (ft^). 

Energy addition due to the mixing action of compressed 

air is difficult to precisely determine (4). The estimated 

pressure/volume work arising from the isothermal expansion 

of the diffused air is: 

work = piJp2 P dV (33) 
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Ideal gas approximation and the substitution of pressures 

for volumes (since mass and temperature are assumed 

constant) reduce the equation to 

HM = m R TW ln(Pdif/Patm> (33) 

where m = molar air flow rate (moles air/hr) 

R = ideal gas constant (BTU/mole °R) 

Tw = water temperature (°R) 

pdif = diffuser absolute pressure (mbar) 

patm = atmospheric pressure (mbar). 

Coarse bubble diffused air systems commmonly operate at 

diffuser outlet pressures near the static head of water in 

the aerated basin (10 to 15 feet). At a water height of 12 

feet and reactor temperature of 68 °F, the mixing input is 

approximated as 

HM = 0.686 QG (35) 

The whole of the above calculated energy may not be 

transferred to the water. Bubbles exiting the reactor at 

pressures higher than ambient atmospheric will release 

energy to the air above the reactor and not to the reactor 

contents. Furthermore, volume changes cannot be 

approximated by pressure changes. The intent of aeration is 
* 

to dissolve the gas in the liquid. Stripping of ammonia, 

water vapor, and carbon dioxide cannot bring exit molar air 

flow rates equal to entrance flow rates. The volume ratio 
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is probably closer to unity than the pressure ratio of 

Equation (34), thereby further lowering the actual mixing 

energy. 

Heat of Biological Reaction 

The heat of reaction term due to the destruction of 

carbonaceous compounds during aerobic digestion is: 

HBR = 6100 Ro2U (36) 

where HBR = heat of biological reaction (BTU/hour) 

R02U = rate of oxygen uptake (lb 02/hour) 

A conservative fuel value of 6100 BTU/lb O2 equivalent is 

taken for the solids being digested. 

The oxygen uptake rate can be estimated from the 

biodegradable solids concentration: 

R02U = 0EC kD BDS v (37) 

where OEC = oxygen equivalent of BDS (lb 02/lb BDS) 

The effects of nitrification can also be included in the 

model. The heat of. biological reaction term is then 

adjusted to 

HBR = 6100 R02U + 11000 fracN kD BDS V (38) 

where frac^ = nitrogen content of sludge (lb N/lb BDS). 
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The nitrification reaction is assumed to proceed in series 

with carbonaceous solids removal. Nitrification effects 

will be included in field measurement of oxygen uptake 

rates. Measured oxygen uptake rates will therefore be 

higher than the carbonaceous oxygen uptake calculated in 

Equation 37. 

Flow Terms 

In digesters operated under continuous-flow or fill-and- 

draw conditions, fluid flow terms must be considered. The 

energy effects of fluid flow are 

Hi = PW CpW Fl (Tï - Tref) (39) 

and 

HQ - PW ^-pW FQ (TV TVgf) (40) 

where Hi 

Ho 

Fl 

FO 

cpW 

Tl 

Tref 

influent flow energy (BTU/hour) 

effluent flow energy (BTU/hour) 

liquid influent flow rate (ft^/hour) 

liquid effluent flow rate (ft^/hour) 

heat capacity of water (BTU/lb/°R) 

influent temperature (°R) 

reference temperature (°R). 

Setting the reference temperature to the reactor temperature 

eliminates the output flow energy term. This is consistent 

with continuous flow stirred-tank reactor (CSTR) theory and 
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results in a net flow effect of a heat loss to raise 

influent temperature to digester operating temperature. 

The Heat Balance 

The digester heat balance results from the combination of 

the previous terms. The net heat equation is 

AH = (HR-HE+HSC)A + HW AW + HG - Hvap + HM + HBR + ^(41) 

where AH = net energy exchange (BTU/hr) 

A = surface area (ft^) 

A^ = digester wall area (ft^). 

Temperature can then be calculated as 

dTw/dt = AH / pw / CpW / V (42) 

Figure 7 summarizes the flow of model information from 

the input variables of air temperature, relative humidity, 

wind speed, solar radiation, cloud cover, precipitation, 

diffused air flow rate, mixing energy input, influent sludge 

concentration, and influent sludge flow rate to the model 

outputs of digester temperature, solids concentration, and 

reactor volume. 
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FIGURE 7 

MODEL SUMMARY 

Model Inputs: Ambient air temperature 
Relative humidity 
Wind speed 
Atmospheric pressure 
Cloud cover 
Short wave solar radiation 
Feed flow, concentration, and temperature 
Mechanical mixing input 
Air flow rate 
Initial digestion temperature 
Initial solids concentration 

Parameters : Saturation vapor pressures 
Latent heat of vaporization 
Absolute humidity values 
Vapor pressure of air 
Density of air 
Specific heat of air 
Atmospheric Emissivity 
Aerobic digestion rate constant 

Heat Balance Terms: Long wave atmospheric radiation 
Surface evaporation 
Surface conduction 
Wall conduction 
Temperature differential of diffused air 
Vapor enrichment of diffused air 
Oxygen uptake rate 
Heat of biological reaction 
Heat of mechanical mixing 

Model Outputs: Digestion temperature 
Solids concentration 
Volume 



50 

EXPERIMENTAL INVESTIGATION 

A. Bench Scale Experiments 

The large range of decay rates found in the literature 

made laboratory testing of the 69th Street sludge a 

necessity. Bench scale batch reactors were selected for 

decay rate and biodegradable fraction studies. The reactors 

were glass bottles with a volume of five gallons. Liquid 

levels were kept constant at twelve liters by the addition 

of deionized water to offset evaporation losses. Aeration 

was provided through perforated teflon tubing. Air flow 

rates were set at sufficiently high values to insure 

residual dissolved oxygen concentrations above 2 mg/L as 

well as adequate mixing. 

Sludge was digested at 50, 64, 77, 86, 88, 91, and 106 

°F. Temperature was maintained at 50 °F by an incubator, at 

64 °F by a room temperature water bath, and at the higher 

temperatures by voltage-regulated heating tapes. 

Temperatures were checked at least twice daily; adjustments 

to the voltage regulator were made whenever necessary. 

Batch digestion temperatures never varied more than ± 3 °F 

from their respective setpoint temperatures. 

Samples of 20 ml each were removed from the reactors on 

the average of five times a week. A cork and rigid tubing 
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FIGURE 8 

Tygon air feed line 

BENCH SCALE EXPERIMENTAL APPARATUS 
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configuration was utilized to ensure that samples originated 

from the same space in each reactor. Total suspended solids 

(TSS) and volatile suspended solids (VSS) were analyzed as 

nonfilterable residue retained on glass fiber filters as 

prescribed in Standard Methods (40). 

TSS, VSS, and nonvolatile suspended solids (NVSS) showed 

parallel destruction at all temperatures. Long term 

degradation of the sludge (tested in three separate 

samplings from 11/4/83, 11/22/83, and 12/8/83) showed that 

the nonbiodegradable fraction of TSS, fracNBD' was constant 

at about 30 percent. Kinetic rate constants were then 

calculated on the basis of TSS minus 30 percent of initial 

TSS. Bench scale data is presented in Appendix 1. 

The resulting rate constants are presented in Figure 9. 

The batch tests reflected the conclusions of Gossett (37) in 

that lower kinetic rate constants were found at the upper 

end of the mesophilic temperature range. It is assumed that 

the bacteria had difficulty acclimating to the highest 

digestion temperatures in the batch testing and that the 

rate values at 91 and 106 °F were not representative of 

organism decay rates which would be realized in a continuous 

flow system in which bacterial populations have had the 

opportunity to adapt to reactor conditions. The rate values 

at 91 and 106 °F were discarded with the assumption that 

decay rates should continue to increase with temperature 
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through the mesophilic range. A least-squares fit of the 

remaining data points to the theta function traditional for 

biological processes (Equation 8) resulted in the following 

parameter values: 

ko = kgs 0(Tv - M) (8) 

where Kgs = 0.143 day-1 

0 = 1.03. 

The points of Figure 9 do not indicate a resulting 

exponential curve. The exponential rate function was forced 

through the data points only to reproduce a function similar 

to the traditional theta rate equation for organism decay as 

a function of temperature. 

B. Shortwave Solar Insolation and Evaporation Tests 

A solar cell was obtained from the Tidelands Signal 

Company of Houston for the measurement of shortwave solar 

insolation. The cell was calibrated to produce a 

milliampere signal in direct proportion to the solar flux 

through its surface. The cell produced typical daily 

shortwave solar insolation curves which rose from zero in 

mid-morning to a peak in early afternoon and fell back to 

zero in the early evening. The magnitude of the measured 

insolation was consistently low, though. A comparison of 20 

dates in February with expected February averages indicated 

the solar cell was under-reporting solar flux by about one- 
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half. It may be that the signal conditioner for the solar 

cell was damaged in an electrical malfunction in December, 

1983. A scaling factor of 1.95 was therefore applied to all 

solar insolation readings. Typical solar radiation data 

collected on a sunny day and on a cloudy day with rain are 

shown in Figure 10. 

Brutsaert (1) has shown that the evaporation constant, 

kg, is highly empirical and a strong function of latitude 

and altitude. Even though surface evaporation is expected 

to be much less in an aerobic digester than in clear water 

(surface turbulence and the presence of solids in the 

digester lowers evaporative rates), an estimation of kg was 

made from clear water data. A fiberglass pan with a surface 

area nearly equal to the aerobic digester pilot plant 

surface area was selected for the test. An initial water 

depth of one foot was chosen to minimize temperature 

gradients within the evaporation pan. Air temperature, 

water temperature, relative humidity, wind speed, and water 

depth were monitored during a 47 hour period of no 

precipitation. The evaporation constant was then calculated 

as 

kg = t Iuw (CQ - C2) ] / (ho - h) (43) 

where ho - h = total change in water depth (feet). 

The estimated value of kg, 2.59E-06, compared favorably with 
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literature estimations by Meyer (2) of 1.88E-06 and 

Marciano-Harbeck (2) of 2.56E-06. 

C. Pilot Experiments 

Three factors contributed heavily to the design of the 

aerobic digestion pilot plants; the reactors had to be large 

enough to display clear data trends, small enough to utilize 

diffused air from the main distribution header at the 

Sagemont Wastewater Treatment Research Site, and relatively 

inexpensive. Preliminary computer modeling indicated 55 

gallon drums would adequately meet the above criteria. 

Two pilot reactors were built. The bottom elevation of 

each reactor was placed two feet below grade to minimize 

wall conduction heat losses. Pilot plant inner surfaces 

were treated by thorough washings, acid-etched with muric 

acid, and sealed with rust-inhibiting non-toxic paint in 

order to prevent possible harsh environments for the 

bacteria. Diffused air from the Sagemont distribution 

system was supplied via PVC piping and rubber diaphragm 

coarse-bubble diffusers. Air flow rates were monitored by 

rotameters; each flowmeter included a pressure regulator to 

prevent fluctuations in flow due to changes in aeration 

system pressure. Analog signal temperature probes sent 

continual digester temperature data to the Sagemont PDP 

11/23 Process Control Computer. Data was stored by the 

computer as one-minute averages of signals transmitted every 
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six seconds. A 1/4 horsepower propeller mixer was also 

mounted on reactor one. Manufacturer ratings and model 

numbers for the air diffusers, airflow meters, temperature 

sensors, and mixer are given in Table 1. 

D. Pilot Testing 

Three experiments were conducted on each pilot plant. 

Feed sludge was obtained from the City of Houston 69th 

Street Wastewater Treatment Plant carbonaceous treatment 

train. The 69th Street process utilizes grit chambers, one 

day sludge ages, sludge screening, and thickening. All 

experiments were batch tests with the reactor filled to 

capacity at the start of the run and drained at the finish. 

Tests were made during January and February, 1984, in order 

to emphasize cold-weather operation in the Gulf Coast area. 

Computer monitored instrumentation provided ambient air 

temperature, relative humidity, wind speed, shortwave solar 

insolation, and pilot plant operating temperature data. 

Liquid level measurements and solids analysis were performed 

manually. Dissolved oxygen measurements were made whenever 

it was thought that the process might be oxygen limited. 

The experimental emphasis of the first trial was to 

separate the effects of mixing and oxygen supply. The air 

flow rate of 30 scfm/1000 ft^ of reactor volume prescribed 

by the Texas Department of Water Resources translates to 13 
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TABLE 1 

MANUFACTURER'S DATA ON PILOT PLANT APPARATUS 

Temperature 
Sensors 

Airflow 
Meters 

Mixer Air 
Diffusers 

Manufacturer Rosemont Dwyer Neptune EnviroQuip 

Location Minneapolis 
MN 

Michigan Cy 
IN 

Lancaster 
PA 

Cincinnati 
OH 

Model 
Number 

Model 444 
Alphaline 
transmitter 
with 100 
ohm sensor 

series RMB F-l SS316 
165 

-45140EC2 

Principle of 
Operation 

change in 
resistance 

with 
temperature 

regulated 
pressure - 
drop across 

valve 

3 3/4 inch 
diameter 
propeller 

rubber 
diaphragm 

Range 32-104 °F 10-100 scfh 1/4 hp 0-20 scfm 

Signal 
4-20 mA 

linear with 
temperature 

no signal - - 

Accuracy i-1.4 °F ±3 scfh 
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scfh for the 55 gallon pilot reactors. The 3 foot head of 

water above the diffusers of the 55 gallon drums versus 12 

feet typically found in plant scale digesters translates to 

an estimated power input (Equation 34) of one-fourth the 

minimal power requirements for mixing. Airflow in the 

aerated-only reactor was therefore set at 50 scfh. Airflow 

in the mechanically mixed reactor was set at 10 scfh based 

on an assumed oxygen transfer efficiency of eight percent 

and anticipated rates of oxygen uptake determined through 

the preliminary computer modeling. 

Each reactor was charged with 69th Street sludge (January 

19, 1984) at an approximately one percent solids 

concentration. The results of the first experiment were 

discarded because of repeated computer malfunctions and a 

resultant loss of data. The system and theory was double- 

checked, and the testing begun again. 

The second experiment was made with slight modifications 

to conditions for the first. Dissolved oxygen monitoring 

indicated the aerated-only reactor may have suffered from 

low oxygen transfer efficiencies. Airflow in this reactor 

was therefore increased to 100 scfh, while airflow in the 

mechanically mixed reactor remained at 10 scfh. The 69th 

Street digester feed sludge (January 26, 1984) again 

averaged about one percent. 
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Digester temperatures recorded during Experiment 2 are 

shown in Figure 12. The aerated-only reactor displayed 

diurnally fluctuating operating temperatures in phase with 

ambient air temperatures. The reactor with aeration and 

mechanical mixing, however, showed elevated operating 

temperatures which were little affected by daily ambient air 

temperature variations. 

The close relationship observed between ambient air 

temperature and digester temperature formed the basis for 

Experiment 3. Air flow rate was suspected to have a major 

influence on che Experiment 2 aerated-only temperature 

profile. Reactor one was therefore set up at an air flow 

rate of 50 scfh and without the mixer, reactor two airflow 

was set at 100 scfh. The trial was altered, however, by 

operational changes at the 69th Street plant which resulted 

in a three percent solids feed sludge (February 14, 1984) to 

the pilot reactors. Suspicions of extremely low oxygen 

transfer efficiencies were verified when dissolved oxygen 

concentrations in the pilot reactors fell to zero and 

remained there. 

After two days of operation at zero DO, the digestion 

temperature in reactor one (50 scfh) was consistently at 

least two °F higher than that of reactor two (100 scfh). 

The conditions of zero DO made verification of the heat of 

biological reaction term difficult. Solids reduction was 
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not necessarily proceeding as in strict aerobic digestion, 

and soluble organics may have been accumulating in the 

digester. Equation 38 therefore could not be used to relate 

biodegradable solids concentration to heat of biological 

reaction. Rather than discard the data, a decision was made 

to examine the transient effects of mechanical mixing. The 

mixer was started at the two day mark in reactor one (50 

scfh) in the belief that the improved oxygen transfer noted 

with mechanical mixing during Trial 2 would be repeated. A 

substantial temperature increase in reactor one of 30 °F 

within 12 hours (Figure 13) was observed. Unfortunately, 

this temperature increase was accompanied by digester 

foaming which carried solids over the reactor rim. The 

elevated reactor temperature was evidently not the primary 

cause of the foaming as a check with the Chief Operating 

Engineer of the 69th Street plant revealed that aerobic 

digesters there contained up to 15 .feet of foam above the 

digesting sludge surface. 

The pilot plant data indicated oxygen transfer 

efficiency, reactor temperature, and solids destruction rate 

were strongly interrelated during the aerobic digestion 

process. Mechanical mixing seemed to simultaneously improve 

all three. The next step in the research, therefore, was to 

correlate aerobic digestion theory with the observed results 

of the pilot plant trials. 
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DISCUSSION 

A. Parameter Estimation 

A major thrust of this section of the research was to 

validate a portion of the model using data from the bench 

and pilot scale experiments. Consequently, the first step 

was to input ambient air temperature, relative humidity, 

wind speed, short-wave solar insolation, and air flow rate 

data into the dynamic model and see if the model could 

predict observed temperature profiles, solid destruction 

rates, and liquid volume changes. Adjustment of two 

parameters, solids destruction rate and the surface 

evaporation constant, were necessary in order for predicted 

temperature profiles to conform to observed digester 

temperatures during the pilot experiments. 

Solids Reduction 

Solids reduction measurements confirmed results presented 

in the literature in that the theta function of Equation 8 

does not adequately predict the effect of temperature on the 

organism decay rate constant. Measured solids reduction in 

each of the reactors during Experiment 2 is compared to the 

solids destruction calculated from Equation 16 in Figures 14 

and 15. The theta rate function failed to predict the rapid 
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solids destruction attained in the mechanically mixed 

reactor (Figure 14), and was incapable of predicting the 

minimal solids destruction recorded from day 2 through day 5 

of the aerated-only reactor (Figure 15). It may be that 

further factors were influencing the measured organism 

decay. Two such factors may have been turbulence in the 

mixed reactor, and a microbial population capable of briefly 

surviving starvation conditions in the aerated-only reactor. 

As the heat of biological reaction has been shown to be a 

major term in the heat balance, the magnitude and timing of 

the solids destruction responsible for heat production must 

be accurately known if temperature profiles are to be 

correctly predicted. A solids concentration curve was thus 

fitted to the TSS data points. Oxygen uptake rates were 

then estimated from the derivative of the solids 

concentration curve, and the biological heat production was 

calculated from the OUR. Mathematically estimated periods 

of solids concentration increases were corrected to zero 

calculated heat of reaction. 

Surface Evaporation Constant 

The two week period (January 26 thru February 10, 1984) 

during which data was collected for Experiment 2 was marked 

by a lack of precipitation in the Houston area. Reactor 

liquid level changes, therefore, could be almost wholly 
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attributed to evaporative losses. The adjustment of 

evaporation equations to reflect decreases in liquid level 

is conservative in the sense of temperature prediction; any 

loss of volume not due to evaporation (such as spray) will 

be counted as evaporative and will include a corresponding 

heat loss. 

The model as presented to this point was overpredicting 

evaporative losses. The surface evaporation expression 

seemed the most likely candidate for modification since 

vapor enrichment of diffused air is well-documented in the 

literature. Easterbrook (2), among others (1), has 

presented theory which predicts that turbulent waters with 

small surface areas will have significantly lower surface 

evaporation rates than those of large, calm lakes. Since 

this is the case with the pilot reactors, the surface 

evaporation constant, kg, was decreased to reproduce actual 

level changes recorded in the reactors. The value 

ultimately used in the model was one-third of that selected 

in the previous chapter. 

B. Temperature Predictions Using Adjusted Parameter Values 

The model predictions using the adjusted parameter values 

showed reasonable agreement with the observed temperature 

trends with or without the heat input due to the mixer. 

Figures 16 and 17 compare predicted temperatures with 

observed digestion temperatures in the mechanically mixed 
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and aeration only reactors of Experiment 2. The second 

measured temperature rise at day 6 (Figure 16) in the 

mechanically mixed reactor likely indicates the effect of 

nitrification. The one-day sludge age makes it biologically 

quite probable that nitrification of the 69th Street sludge 

did not begin until day five of the experiment, and heat 

balance calculations support this assumption. The 

calculated heat differential during the time of the 

temperature rise is 17800 BTU more than that predicted by 

the model. This heat differential could be realized through 

the nitrification of 1.62 pounds of organic nitrogen, a mass 

amount which is 6.3 percent of the total carbonaceous 

destruction during time previous to five days. Since this 

value is nearly equal to the literature average of an eight 

percent nitrogen content of sludge, it is quite likely that 

sudden nitrification of available ammonia began on day 5. A 

further model modification was made -to incorporate all heat 

of nitrification beginning on the fifth day of the batch 

pilot digestion trials. 

Figures 18 through 20 show predicted temperature profiles 

for the three we11-documented experimental runs. The model 

now predicts the observed second temperature peak in the 

Experiment 2 mechanically mixed reactor and also parallels 

aeration only reactor temperature profiles during 

Experiments 2 and 3 more closely during the latter stages of 

digestion. An analysis of the heat balance for these 
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reactors revealed six terms of significance; net radiation, 

heat of biological reaction, diffused air vapor enrichment, 

mechanical mixing input, surface evaporation, and surface 

sensible heat conduction. Tables 2 and 3 list the 

calculated heat balance terms during the second day of 

Experiment 2. An explanation of the deviations between 

model predicted and measured digestion temperatures as well 

as the significance of the entries in Tables 2 and 3 is best 

demonstrated in a term by term analysis of the model heat 

balance. 

C. Analysis of the Heat Balance Components 

Weather Parameters 

Net radiation, surface evaporation, and surface sensible 

heat conduction- are beyond the control of even the most 

skilled plant operator. Unfortunately, net radiation is 

shown in Tables 2 and 3 (sign conventions are that positive 

entries are heat inputs to the digester and negative entries 

are heat losses) to be the largest term in the heat balance 

of the aeration only reactor and equal in magnitude to the 

largest terms of the mechanically mixed reactor. The 

negative net radiation entries during the hours of darkness 

are due to long-wave radiation heat terms which are a 

fourth-order exponential function of temperature. When 

ambient air temperatures are lower than digester 

temperature, a heat loss due to longwave radiation occurs. 

Duri.ng daylight hours net radiation terms are dominated by 
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TABLE 2 

HEAT BALANCE TERMS FOR MECHANICALLY MIXED REACTOR EXPERIMENT 2 

January 27 , 1984 (sunny and dry , high 64 low 43 °F) 

All entries in units BTU/hour 

Diffused Heat of 
Net Surface Surface Wall Aeration Biological Mixing 

Time Radiation Evap Cond Cond Effects Reaction Input 

MN -122.0 -65.6 -48.3 0.0 -12.9 137.6 222.0 
1 am -124.0 -66.4 -52.1 0.0 -13.1 153.0 222.0 
2 am -125.1 -69.2 -56.9 0.0 -13.4 168.4 222.0 
3 am -125.7 -73.2 -63.3 -0.1 -13.6 183.9 222.0 
4 am -126.3 -73.2 -63.3 -0.3 -13.7 199.2 222.0 
5 am -127.1 -74.8 -61.7 -0.6 -14.0 214.7 222.0 
6 am -127.9 -75.0 -58.6 -0.8 -14.2 230.1 222.0 
7 am -128.8 -74.6 -54.0 -1.1 -14.4 245.5 222.0 
8 am -125.3 -79.6 -58.7 -1.4 -14.2 260.9 222.0 
9 am 72.4 -87.7 -63.7 -1.8 -13.9 276.2 222.0 

10 am 263.8 -104.3 -73.5 -2.6 -14.4 291.6 222.0 
11 am 275.9 -127.8 -85.9 -3.5 -15.3 307.0 222.0 

NOON 267.0 -139.9 -84.2 -4.3 -15.8 322.3 222.0 
1 pm 274.8 -156.1 -73.9 -6.1 -16.9 352.9 222.0 
2 pm 273.7 -162.2 -67.5 -7.0 -17.8 368.1 222.0 
3 pm 237.5 -163.7 -62.8 -7.9 -18.8 383.3 222.0 
4 pm 78.4 -159.7 -57.1 -8.7 -19.8 398.6 222.0 
5 pm -131.3 -146.2 -53.5 -9.2 -20.8 413.9 222.0 
6 pm -140.0 -128.4 -44.7 -9.7 -22.2 429.1 222.0 
7 pm -147.1 -132.3 -52.5 -10.1 -23.2 444.3 222.0 
8 pm -152.8 -143.9 -68.5 -10.6 -24.3 459.3 222.0 
9 pm -157.7 -162.0 -94.4 -11.0 -25.1 474.7 222.0 

10 pm -161.3 -188.7 -130.7 -11.3 -25.9 489.9 222.0 
11 pm -154.8 -188.4 -125.7 -11.6 -26.8 505.0 222.0 
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TABLE 3 

HEAT BALANCE TERMS FOR AERATION ONLY REACTOR EXPERIMENT 2 

January 27, 1984 (sunny and dry, high 64 low 43 °F) 

All entries in units BTU/hour 

Diffused Heat of 
Net Surface Surface Wall Aeration Biological Mixing 

Time Radiation Evap Cond Cond Effects Reaction Input 

MN -110.6 -48.2 -41.6 0.0 -98.7 111.7 0.0 
1 am -110.0 -47.3 -44.4 0.0 -96.2 109.2 0.0 
2 am -108.8 -47.5 -47.8 0.0 -93.4 106.9 0.0 
3 am -107.6 -45.5 -46.3 0.0 -90.4 104.4 0.0 
4 am -106.5 -44.1 -43.6 0.0 -88.3 102.0 0.0 
5 am -105.4 -42.8 -39.9 0.0 -86.5 99.6 0.0 
6 am -104.3 -41.0 -35.2 0.0 -84.3 97.2 0.0 
7 am -98.8 -40.2 -35.1 0.0 -76.1 94.7 0.0 
8 am 101.0 -41.7 -33.1 0.0 -67.8 92.3 0.0 
9 am 294.5 -49.5 -33.3 0.0 -67.2 90.0 0.0 

10 am 308.7 -60.6 -33.3 0.0 -68.4 87.5 0.0 
11 am 302.0 -65.5 -26.0 0.0 -67.5 85.1 0.0 

NOON 309.3 -67.6 -17.2 o.o’ -65.2 82.7 0.0 
1 pm 314.0 -69.4 -10.0 0.0 -64.6 80.3 0.0 
2 pm 315.2 -71.5 -4.1 0.0 -66.0 77.9 0.0 
3 pm 281.3 -71.7 -2.6 0.0 -68.9 75.5 0.0 
4 pm 124.5 -67.6 -3.0 0.0 -70.5 73.0 0.0 
5 pm -82.7 -57.3 -8.8 0.0 -71.4 70.6 0.0 
6 pm -89.2 -47.6 -13.3 0.0 -77.2 68.2 0.0 
7 pm -93.0 -45.4 -18.2 0.0 -78.8 65.8 0.0 
8 pm -96.0 -46.4 -25.7 0.0 -80.5 63.5 0.0 
9 pm -98.1 -50.1 -36.6 0.0 -81.8 61.0 0.0 

10 pm -99.1 -55.0 -50.8 0.0 -81.3 58.6 0.0 
11 pm -100.1 -52.7 -48.3 0.0 -81.3 56.2 0.0 
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short wave solar radiation heat input. 

Surface evaporation and surface heat of conduction rates 

are also temperature dependent. Tables 2 and 3 display the 

role of digestion temperature in their determination. The 

higher temperatures (by 25 °F) recorded in the mechanically 

mixed reactor translate into greater heat losses due to the 

surface effects of evaporation and conduction. The 

difficulties in operating open-tank digesters at 

temperatures much above those of ambient atmospheric are 

obvious. The uncontrollable weather parameters all tend to 

drive the system back to lower temperatures. 

Mechanical Mixing Input 

The mechanical mixer used in Experiment 2 was definitely 

oversized with respect to the minimal mixing horsepower 

recommendations of the EPA. Attempts to estimate the actual 

power which the 1/4 horsepower mixer motor transferred to 

the digester (through the measurement of voltage and 

current) were unsuccessful. A power input of about 1/12 

horsepower was estimated through the coupling of a 

literature figure of 70 percent efficiency of transfer 

between the motor and propeller shaft (39) and an assumed 50 

percent efficiency of transfer between the propeller and 

liquid. This mixing power input calculates to 11.3 

horsepower per 1000 ft^ of tank volume, or about an order of 

magnitude greater than the EPA design recommendation of 
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1.25. It may be that this estimation of constant power 

input is still higher than the actual mixing power 

transferred to the reactor and may be partially responsible 

for model overprediction of digester temperature in Figure 

18. The immediate effect on digester temperature is to 

smooth out the diurnal fluctuations in digester temperature 

noted in the digesters mixed only with diffused air, and to 

produce an apparent temperature baseline of about 78 °F. 

This is consistent with the statement of Oldshue (17) that 

each 1 horsepower per 1000 ft^ power input raises liquid 

temperature by 2 to 3 °F. The digestion temperature of the 

aerated-only reactor of Experiment 2 oscillated around the 

60 °F mark (Figure 19). 

The mixing power input due to diffused air can be 

estimated from Equation 34. Maximum calculated power inputs 

are 2.0 BTU/hour for the mechanically mixed reactor (airflow 

10 scfh) and 19.2 BTU/hour for the aerated-only reactor 

(airflow of 100 scfh). A comparison of Table 2 and 3 heat 

balance contributions verifies that this mixing term is 

indeed negligible for the mechanically mixed reactor and 

most probably negligible (given that the above figure is an 

absolute theoretical maximum) for the reactor mixed only 

with diffused air. 

Heat of Biological Reaction 
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The heat of biological reaction was the major term in the 

heat balance calculations for the mechanically mixed reactor 

(Table 2). The heat of reaction during the rapid solids 

destruction elevated temperatures by 12 °F in less than two 

days and accounted for the first temperature peak shown in 

Figure 18. In the aerated-only reactor the heat of reaction 

term is less but still greater than all other terms except 

net radiation. Furthermore, a comparison of the calculated 

heats of reaction in each of the pilot reactors in Table 4 

reveals the potential autothermal benefits of higher 

digestion temperatures which were evident in the 

mechanically mixed reactor. The potential for equivalent 

heat production was not realized in the aerated-only reactor 

because operating temperatures failed to rise above ambient 

air conditions. 

The solids reduction rates measured during reactor DO 

concentrations of at least 1.5 mg/L can be translated to 

maximum oxygen transfer efficiencies. An assumption that 

dissolved oxygen concentrations are relatively constant or 

zero during the point of maximum calculated oxygen uptake 

means that instantaneous oxygen uptake equals net oxygen 

provided by aeration. At standard temperature and pressure 

(68 °F and 1013 mbars) a cubic foot of air contains about 



83 

Calculated Heat 

TABLE 4 

of Biological Reaction (BTU/day) 

Experiment 2 dates January 26 through February 4, 1984 

Day Mechanically Aeration Only 
Mixed Reactor 1 Reactor 2 

1 4226 2458 
2 12357 1206 
3 6056 198 
4 1026 856 
5 322 438 
6 5791 833 
7 11573 3584 
8 10 1814 
9 10 1593 

10 0 1299 

0.0184 lbs of oxygen. From airflow measurements, calculated 

oxygen transfer efficiencies can be developed as in Table 5. 

It must be stressed that Table 5 reflects maximum 

possible oxygen transfer and not actually measured 

efficiencies. The above oxygen uptake rates were not 

measured, and dissolved oxygen concentrations were not 

continuously monitored to verify that DO was constant at the 
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TABLE 5 

Experiment 2 calculated oxygen transfer efficiency 

Reactor one 

Mechanically mixed 

Reactor two 

Aeration only 

airflow (scfh) 10 

max RO2U (lb/hr) 0.11 

O2 transfer (percent) 61 

100 

0.025 

1.5 

time of maximum calculated oxygen uptake. Figure 21. shows 

the calculated oxygen uptake rates for Experiment 2. It is 

likely that oxygen uptake rates did not peak in the 

mechanically mixed reactor as shown, in Figure 21, and that 

actual maximum rates of oxygen uptake and transfer 

efficiency were less than those of Figure 21 and Table 5, 

respectively. The turbulence created by the mixer could 

also add an oxygen transfer term due to surface rearation by 

the increased surface area. Nevertheless, the observed 

solids destruction accompanied by characteristic heat 

produced by biological reaction in the mixed reactor 

suggests that mechanical mixing energy input can result in 

great improvements in oxygen transfer efficiencies. 
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Initial rapid solids destruction was noted in all 

experiments regardless of the initial conditions for solids 

concentration, airflow, and mechanical energy mixing input. 

The initial solids destruction did not seem to correlate 

with biological heat of reaction of 6100 BTU/lb OEC 

destroyed. The experiments depicted in Figures 18 through 

20 all showed initial predicted model temperatures higher 

than those actually measured. This- phenomenon is most 

clearly shown in the Figure 20 temperature prediction of 

Experiment 3. An initial total solids destruction of 13 

percent of the thicker 30000 mg/L sludge failed to produce 

the assumed heat of reaction as temperatures actually 

declined 8 °F during the first day of digestion. It may be 

that initial solids destruction is representative of 

synthesis reactions and not organism decay or that initial 

solids destruction is largely due to solubilization and that 

the subsequent soluble organics are not utilized immediately 

in endogenous respiration. The lesser heat of biological 

reaction occuring during the initial stages of aerobic 

digestion may be somehow related to the structure of the 

one-day 69th Street sludge. The exact cause is unknown and 

requires further investigation. 

Temperature Effects of Aeration 

The combined heat balance terms due to the temperature 

differential between ambient air and the digester and vapor 
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enrichment of diffused air appear in Tables 2 and 3 under 

the heading "Diffused Aeration Effects." Two major points 

can be made in reference to the data. The data for the 

aerated only reactor indicates the importance of oxygen 

transfer to digestion temperature. Oxygen transfer through 

the diffused air system of about 1.5 percent or less 

necessitated large airflows to sustain residual DO. The 

resulting effect is that airflow heat losses alone canceled 

out the heat gains of biological reaction in the aerated- 

only reactor. 

The second point is that airflow heat losses are 

exponentially related to digester temperatures (through the 

vapor enrichment of diffused air term) and linearly related 

to airflow rates. Since the digester temperatures of 

reactor two (airflow 100 scfh) were much less than those of 

the mechanically mixed reactor (airflow 10 scfh), diffused 

aeration heat losses in the two reactors are not related by 

a power of ten as their air flow rates are. It can be seen 

that overaeration of the mechanically mixed reactor could 

result in a substantial decrease in digestion temperature. 

This potential for heat loss due to airflow at elevated 

temperatures marks diffused air control as a necessary 

process goal in any digester operating at temperatures 

significantly above those of the ambient air. 
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D. Interactions Between Heat Balance Components 

The results of the study reported here illustrate that 

aerobic digestion is a complex combination of oxygen 

transfer efficiency, solids concentration, and operating 

temperature. The oxygen balance as applied to an aerobic 

digester is 

dDO/dt = KLa (D0S - DO) - OUR (44) 

where DO = dissolved oxygen concentration (mg O2/L) 

DOs = saturation DO (mg O2/L) 

KLa = reaeration coefficient (hour-^) 

OUR = rate of oxygen uptake (mg 02/l/hr). 

The potential for dissolved oxygen limitation can be 

shown with a simple example. Model oxygen uptake rates are 

calculated as: 

OUR = OEC kD BDS (45) 

where OEC = oxygen equivalent of solids (lb 02/lb BVS) 

kD = solids destruction rate constant (hour-*) 

BDS = biodegradable solids concentration (mg/L). 

The oxygen transfer coefficient, I^a, is a function of many 

variables such as temperature, solids concentration, air 

flow rate, tank height, gas bubble surface area, and gas 

bubble detention time. For most coarse-bubble diffused air 

systems K^a is well below 10.0 hour-^; measurements near 5.0 
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hour~l have been made in the aeration basins of the Sagemont 

plant. Assuming DO near zero and a D0S (68 °F) of 8.5 mg/L, 

oxygen uptake rates are limited to somewhere around 40 

mg/L/hr. This also limits the rate of solids destruction 

attainable in Equation (5). Higher digestion temperatures 

actually decrease the maximum oxygen transfer of Equation 

(44) since substantially decreased DOs values at higher 

temperatures are not offset by the increases in KLS at 

higher temperature. The paradox of the situation is that 

higher temperatures both promote solids reduction through 

increased biological decay rates and inhibit solids 

reduction through lowered oxygen transfer capacities. 

The potential for dissolved oxygen limitation of solids 

destruction rates can be shown by a simple example. In the 

absence of DO limitations, oxygen uptake rates can be 

calculated as in Equation (43). With organism decay 

constant determination based on Equation 15, Table 6 can be 

developed. 

The oxygen uptake rates below and to the left of the 

slashed line of Table 6 are clearly unobtainable in 

conventional diffused air systems. Typical aerobic 

digestion oxygen uptake rates reported in the literature as 

10 to 35 mg 02/L/hr are therefore suspect; rate constants 

extrapolated from OUR values in this range may reflect rate 

limitations by DO and not maximum attainable biological 
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TABLE 6 

Rate of Oxygen Uptake (mg 02/L/hr) 

in the Absence of DO Concentration Limitation 

ko at 68 °F = 0.143 day-1 

at BVS (mg/L) 

25000 20000 15000 10000 5000 

59 °F 122" — - 98 73 49 24 
63 °F 156 125 ~~ — _94 63 31 
77 °F 199 160 12(P 80 40 
86 °F 255 204 153 10T " — 

respiration rates. It may be that d'Antonio's (8) 

observations of lower decay constants at higher solids 

concentration were due to oxygen transfer limitations and 

that solids concentration is not a factor in the 

determination of the decay constant. 

Three techniques for improving oxygen transfer are 

increasing the air flow rate, increasing the contact area 

between the air and the water by the use of fine bubble 

diffusers, or increasing travel time for the bubbles to the 

water surface by using deeper tanks or creating additional 
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turbulence. Increased airflows have the disadvantage of 

decreasing operating temperature mainly through the 

evaporation heat loss of vapor enrichment. Fine bubble 

diffusers have a tendency to clog in aerobic digesters. 

They also introduce additional system headloss at the 

diffuser which must be overcome through additional energy 

input to the compressor. Mechanical mixing, however, has 

been shown here to remedy the oxygen transfer problem while 

at the same time providing some additional heat input. The 

following batch computer simulations at plant scale clearly 

illustrate the advantages of mechanical mixing. 

E. Plant Scale Computer Simulations 

The model was expanded to plant scale for investigation 

of the effects of air flow rate and oxygen transfer 

efficiency on process temperature and solids destruction. 

The technique used for simulation . is the IBM Continuous 

System Modeling Program (CSMP) (42) using the STIFF 

algorithm for integration of the differential equations. 

The complete model is listed in Appendix 3. The reactor 

dimensions used in the model (a 42400 ft^ cylindrical 

digester with radius of 30 feet and depth of 15 feet) are 

based on an actual aerobic digester located at the Sagemont 

wastewater treatment plant in Houston, Texas. Weather data, 

with the exception of an assumed constant cloud cover of two 

tenths (a conservative value for estimating long wave 
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atmospheric radiation heat gain), is that recorded during 

February, 1984. 

A dissolved oxygen balance was added to the model as in 

Equation 44. Rate limitation of solids destruction by DO is 

assumed using the Monod function given below in place of 

Equation 37: 

R02U = OEC kD BDS DO/(Kd0 + DO) (45) 

where DO = dissolved oxygen concentration (mg/L) 

KDO = Monod constant (mg/L). 

A value of 0.25 was selected for K^o to keep simulated DO 

concentrations positive. 

Five simulations of batch operation with the digester 

initially full were made with the following assumptions: 

1 - A typical coarse-bubble, diffused _Lr system 

with air flow rate of 40 scfm/1000 ft^ volume and 

reaeration coefficient (KLa) of 5.0 hr“^. 

2 - A fine bubble aeration system which delivers a 

KLa of 5.0 hr-l at the mixing minimum air flow 

rate of 20 scfm/1000 ft^. 

3 - System (2), but with simulated overaeration 

from time 4.1 days to time 6.7 days (as in an 

airflow change inadvertantly made on a Friday 

afternoon and not detected until Monday) of 50 

scfm/1000 ft^. KLa is assumed to remain constant. 
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4 - Diffused aeration with mixing at 1.25 hp/1000 

ft^ and an air flow rate of 10 scfm/1000 ft^, KLa 

assumed to be improved to 10.0 hour-^. 

5 - Intensive mechanical mixing at 12.5 hp/1000 

ft^ (which may prove unrealistic in practice due 

to power costs) and an air flow rate of 5 

scfm/1000 ft^, KLS assumed to be improved to 20.0. 

The significant results of the batch reactor simulations 

are presented in Table 7. The diffused air simulations 1 

(air flow rate 40 scfm/1000 ft^, K]^a of 5.0 hr-1), 2 (20 

scfm/1000 ft^, same K^a), and 3 (square wave aeration input) 

suggest that within the limits of prudent operation, step 

changes in total airflow have little effect on process 

solids destruction and operating temperatures. Dissolved 

oxygen levels near saturation persisted in the latter stages 

of each run, but in these cases DO airflow control 

strategies would have little effect on the process due to 

the need to maintain minimum mixing requirements. All of 

these simulations showed DO limitation of solids reduction 

kinetics through the 12th day of operation. 

The simulations of aeration plus mechanical mixing (4 and 

5), with assumed higher oxygen transfer efficiencies and 

additional heat input by mixing, result in significantly 

reduced times for solids destruction. Although these 

simulations also show DO limitation of organism decay rates, 
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TABLE 7 

Plant Scale Batch Simulation Results 

Batch Simulation Run 

1 2 3 4 5 
Highest temperature 
achieved (°F) 84 86 86 100 126 

Time required for SCOUR 
to decrease to less than 
0.4 mg/gm/L/hr (days) 

32 32 32 23 18 

TSS destruction at 
above SCOUR (mass percent) 68 68 68 68 69 

Maximum oxygen transfer 
efficiency (percent) 6 12 12 39 70 

Run Conditions: 
f t^ 
ft3, 

1 - airflow 40 scfm/1000 KLa 5. 0 hr'* 
2 - airflow 20 scfm/1000 KLa 5. 0 hr

-1 

3 - airflow step change 20 to 50 scfm/1000 ft , KLa 5.0 hr"
1 

4 - air 10 scfm/1000 ft3 , KLa 10.0, mixing 1.25 hp/1000 ft3 5 - air 5 scfm/1000 ft3 , KLa 20.0, mixing 12.5 hp/1000 ft3 

the rates are at much higher levels than those of the 

aeration-only simulations due to the assumption of higher 

KLS values. It is the increased solids destruction 

predicted by these higher organism decay rates which causes 

digestion temperatures in run 4 to be 10 °F higher than 

those of the aeration-only simulations. 
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Inherent in the batch simulations of aeration and 

mechanical mixing is the assumption that higher oxygen 

transfer rates are associated with mechanical mixing. Also, 

implicit in the simulations is that high oxygen transfer 

rates are unachievable with diffused aeration systems. 

Table 8 liberally assumes that a ^a value of 10.0 hour-1 is 

attainable with diffused air systems, and shows batch 

simulation results at air flow rates required to supply the 

oxygen demands of the biological reaction at a given oxygen 

TABLE 8 

Batch model simulation results with air flow rates to 
support a KLa of 10.0 hour-1 at a given maximum 

oxygen transfer efficiency 

Oxygen Airflow maximum values at end of 30 days 
transfer rate temperature SCOUR TSS removal 
(percent) (scfm/1000) (°F ) (mg/gm/L/hr) (percent) 

8 44 86 0.41 63 
10 35 87 0.42 64 
12 29 87 0.43 64 
15 23* 88 0.43 64 
17 + 20* 88 0.43 64 

♦controlled by mixing-requirements 

transfer efficiency. 
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Relatively constant maximum attainable temperatures in 

the simulations of Table 8 are caused by the heat loss 

associated with diffused aeration and the lack of any 

mechanical mixing heat input. Diffused air mixing energy 

input as calculated by Equation 34 is at least an order of 

magnitude lower than the heat balance terms vapor enrichment 

of diffused air, net radiation, surface evaporation, and 

heat of biological reaction; therefore it was ignored in the 

simulations. The conclusion reached from Table 8 is that 

even with unrealistically optimistic estimations of oxygen 

transfer capacity, digesters mixed by aeration only cannot 

match the operating temperatures and solids destruction 

rates attainable in digesters with mechanical mixing. 

F. Continuous Flow Simulations 

Since most aerobic digesters are operated in a continuous 

or semi-continuous manner, continuous flow simulations were 

made using the assumptions of KLa of 5.0 hr-^ and aeration 

mixing at 20 scfm/1000 ft^ (run 2 of the batch studies) 

versus mechanical mixing of 1.25 hp/1000 ft^ and an improved 

^a of 10.0 hr-^ at an airflow of 10 scfm/1000 ft^ (run 4). 

Continuous flow conditions introduce a large number of 

possible operational modes. The following parameters were 

used in these simulations; 

hydraulic detention time = 20 days 

organic loading rate = 0.1 lb BDS/ft^/day 
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solids retention time = 45 days 

solids feed thickening to 2 percent TSS. 

A 20 day digestion cycle (Figure 22) is assumed. At the 

start of the cycle the digester is half full due to sludge 

drawoff from the previous cycle. The reactor is fed 

continuously except for eight hour periods on days 10, 15, 

and 20 at which times influent flow and aeration are 

suspended to allow settling of the digester contents and 

decanting of the supernatant liquid. The TSS concentration 

in the supernatant liquid is assumed at 10 mg/L, and one- 

fifth of the reactor contents (a three foot decline in 

height of liquid) are decanted during each of the settling 

periods. The resulting thickening during the settling 

period is from about 6000 mg/L to about 10000 mg/L in an 

eight-hour period. Sludge is also withdrawn on day 20, and 

the sludge withdrawal results in a further four foot decline 

which returns the reactor to its initial cycle water depth 

of eight feet. Results of the simulations are presented in 

Table 9. 

The improved solids reduction with the mixed reactor 

conditions of higher digestion temperature and greater 

oxygen transfer efficiency could be translated into lesser 

solids retention times at the level of solids destruction of 

the diffused aeration-only reactor. The lesser detention 
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OPERATING CYCLE FOR CONTINUOUS FLCW SIMULATIONS 

Day zero Day ten 

3 
influent = 90 ft /hr influent = 0 

Day fifteen Day twenty 

influent = 0 influent = 0 
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TABLE 9 

Continuous Flow Simulation Results 

Diffused Aeration 
Only 

Aeration with 
Mechanical Mixing 

Steady-state TSS 
destruction (percent) 40 75 

Degradable solids 
destruction (percent) 43 93 

Operating temperature 
range (°F) 72 - 83 81 - 94 

Dissolved oxygen(mg/L) 0.2 or less 1.8 or above 

Solids destroyed 
per day (pounds) 1024 1921 

Maximum oxygen transfer 
efficiency (percent) 7 30 

Run Conditions: 
Aeration - airflow 20 scfm/1000 ft3, 
Mixing - airflow 10, KLa 10.0, mixing 

KLa 5.0 hour“l 
1.25 hp/1000 ft3 

times in the mechanically mixed simulations suggest that the 

hydraulic capacity of overloaded plants could be increased 

by the addition of mechanical mixing. At this cycle time, 

however, neither simulation produces a sludge which can be 

classified as stable. Oxygen uptake rates at the time of 

sludge removal of 39 mg/L/hr for the aerated only reactor 

and 48 mg/L/hr for the mechanically mixed reactor do not 
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indicate a sludge in which all biological activity has 

essentially ceased. A stable sludge could be produced by 

the manipulation of organic loading rates near the end of 

the digestion cycle. However, the effluent from a 

continuous flow stirred tank reactor will always be a normal 

distribution of ail sludge ages present in the reactor. 

Some of the effluent will thus be in a similar state to the 

reactor feed and may contain pathogens. It may therefore be 

more advantageous (in terms of digestion temperatures) to 

operate at the high organic loading rates proposed by Jewell 

and Kabrick (10) and to further treat the digested sludge in 

a separate process unit until stability is indicated. 

Both systems should be fed sludge at concentrations as 

high as possible in order to maximize operating temperature. 

The incoming sludge is generally at temperatures below those 

in the digester and requires heat input to bring the feed to 

digester temperatures. Lower feed concentrations also 

require larger digestion volumes at the same organic loading 

rate. Larger volumes translate into increased surface and 

wall areas and greater heat losses through surface 

convection, surface evaporation, long-wave radiation, and 

wall conduction. 
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ENGINEERING SIGNIFICANCE 

A. Design and Operational Strategies 

Mechanical mixing should be seriously considered for 

incorporation into the design of aerobic digestion systems. 

Mechanical mixing benefits the process by 

- providing additional heat energy to the digester 

contents 

increasing oxygen transfer efficiencies so that 

potential biological heats of reaction can be better 

realized 

- lowering process heat losses by decreasing air flow. 

Furthermore, mechanical mixing assures that all solids in 

the digester are kept in suspension therefore allowing 

greater solids concentration during digestion. Dissolved 

oxygen histories are improved, suggesting that dewatering 

and filtering of digested sludge may be easier. Finally, 

the elevated operating temperatures associated with 

mechanically mixed digesters may improve the kill of 

pathogenic organisms. 

The possible negative aspects of mechanical mixing are 

increased capital cost, the need for maintenance inherent in 

any mechanical system, and possible foaming problems. 

Operating problems may also be created by the wrapping of 

rags around the mixer impeller or by the clogging of 
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aspiration mixers. 

Maintenance of mechanical mixers in open-tank aerobic 

digesters is expected to be much easier than in anaerobic 

digesters owing to the easy access to an aerobic digester 

through its open surface. Foaming problems may be 

unavoidable in any digestion system as the reactor foaming 

noted in Experiment 3 of this research also occured in the 

diffused aeration reactors of the City of Houston 69th 

Street Plant. Also, increased capital costs of mixing may 

be offset by the potential for decreased electrical energy 

operating costs. It is by far more energy efficient to 

transfer 1 hp/1000 ft^ of reactor volume mixing energy 

through mechanical mixing rather than diffused airflow. The 

ultimate operational saving, however, is lowered cost of 

digested sludge disposal resulting from the greater solids 

reduction rates possible with mechanical mixing. 

Operators of existing diffused air systems have little 

opportunity to improve aerobic digestion temperatures. 

Airflow rates should be kept close to the minimum required 

for mixing, and increased only to provide more oxygen for 

higher oxygen uptake rates. Caution should be employed; 

diffused air systems have upper limits on oxygen uptake 

rates and airflow increases may only result in decreased 

digestion temperatures. Even with careful control of air 

flow rates, temperature should also be monitored closely. 
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Temperature increases almost always indicate solids 

destruction through the corresponding heat of reaction. A 

temperature decrease at minimal air flow rates indicates 

little biological heat production and a possibly stable 

sludge. Solids feeding, in terms of both concentration and 

flow, should be scheduled so as to keep oxygen uptake rates 

at the digester maximum. Unfortunately, even the best 

conceivable operation will result only in a small increase 

in digester temperature. Significant digestion process 

benefits result from mechanical mixing; therefore 

retrofitting existing digesters with mechanical mixing 

systems may prove cost effective in many applications. 

B. Recommended Sludge Stability Criteria 

The potential for marked improvements in solids 

destruction in short timespans at higher temperatures 

indicates that regulatory standards for sludge stability 

based only on hydraulic or solids retention time may be 

unnecessarily restrictive. Rather, stability based on on¬ 

line temperature measurements should be permitted for 

aerobic digestion. Inexpensive thermographs which provide 

temperature history data are all that is required. 

Stability could then be based on a degree-day standard such 

as proposed by Koers and Mavinic (19). Once a given degree- 

day value has been reached (such as 300 °C days), a specific 

oxygen uptake analysis can be performed to verify that 
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biological activity is suitably low. A minimal SCOUR, 

coupled with the attainment of a given degree-day level, 

would be a simple stability indicator for both operators to 

identify and for regulators to enforce. 
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CONCLUSIONS 

1) The destruction of organic solids during aerobic 

digestion is a complex biological process which cannot be 

adequately modeled as a simple first-order decay reaction 

with temperature dependence of the rate constant. Solids 

destruction proceeds at variable rates and may be limited by 

oxygen transfer capabilities. Nitrification can 

significantly influence oxygen requirements and heat 

production and should be considered in the calculation of 

these quantities. 

2) Increases in aerobic digestion temperature reflect 

microbial activity which is associated with solids 

destruction. The corollary does not hold true; solids 

destruction does not always translate into process heat 

gains. Organics can be solubilized without their organic 

constituents being oxidized. 

3) Mechanical mixing is one of the most important 

variables which influence temperature in the aerobic 

digestion process. In addition to increasing temperature by 

the mixing energy imparted to the contents of the digester, 

mixers increase oxygen transfer efficiencies so that 

increased rates of solids reduction and biological heat of 

reaction can be realized. Mixing also lowers total air flow 

requirements by removing the aeration input required for 

mixing and the associated digestion heat losses due to vapor 



106 

enrichment of diffused air. 

4) In a diffused air, open-tank aerobic digester there 

is little opportunity for the operator to elevate digestion 

temperatures much above ambient air temperatures. In 

digesters operating at elevated temperatures due to 

efficient oxygen transfer, airflow rates take on a critical 

role in the heat balance as evaporative losses increase 

exponentially with temperature. Airflow rates in any 

mechanically mixed, elevated temperature digester are 

ideally controlled through the use of dissolved oxygen 

monitoring. 

5) For maximum heat production, organic loading rates to 

aerobic digesters should be kept as high as the oxygen 

transfer of the digester allows. Feed sludges should always 

be prethickened to maximum attainable concentrations. 

6) Stabilization of waste activated sludge can be 

characterized by its time-temperature history. Regulatory 

agency standards for sludge stability should be rewritten 

using a degree-day definition of stability to obtain a 

sludge which is acceptable for land application. 
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SUGGESTIONS FOR FUTURE RESEARCH 

Although the bulk of this work clearly shows that major 

improvements in the aerobic digestion process can be 

obtained by the use of mechanical mixers, quantitative 

analysis has mainly been based on conservative assumptions 

of heat and oxygen transfer. Among the. areas where future 

work is needed are the following: 

1) The mechanisms behind solids destruction 

during aerobic digestion need much investigation. 

Can apparent intermittent periods of little or no 

solids destruction be predicted? Is it possible 

that mixing could contribute to more exposed 

surface area of the sludge particles thus 

increasing decay rates? 

2) The practicality of large-scale mixing must be 

shown. How do the capital and operational costs 

of mechanical mixing compare with diffused 

aeration? Are mechanical mixers reliable in 

aerobic digestion environments? Are scale-up 

problems going to develop? Does mechanical mixing 

cause any detrimental process effects such as 

foaming? 



3) Finally, high oxygen transfer rates are vital 

to obtain both increased temperature and solids 
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destruction. How do full-scale mixers affect 

oxygen transfer? Can high oxygen transfer rates 

be obtained in diffused air systems; and if so, do 

corresponding higher solids destruction rates 

always result? 
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APPENDIX 1 

BENCH SCALE ORGANISM DECAY RATE DATA 

TEST 1 

Date and Time 

11/ 4/83 3:00 pm 
11/ 5/83 4:30 pm 
11/ 7/83 9:30 am 
11/ 8/83 1:30 pm 
11/ 9/83 1:30 pm 
11/11/83 9:15 am 
11/13/33 1:00 pm 
11/14/83 3:30 pm 
11/16/83 1:15 pm 

TEST 2 

Date and Time 

11/22/83 3:00 pm 
11/25/33 9:30 am 
11/27/83 4:00 pm 
11/29/83 7:30 am 
12/ 2/83 2:30 pm 
12/ 5/83 9:30 am 

TEST 3 

Date and Time 

12/ 8/8311 00 am 
12/ 9/83 3 00 pm 
12/11/8312 30 pm 
12/13/83 8 30 am 
12/15/83 9 00 am 
12/17/83 3 00 pm 
12/19/8310 30 am 
12/21/83 7 30 am 
1/ 3/84 8 30 am 

Digestion Temperatures 
31 °C 29 °C 27 °C 

TSS/VSS/NVSS TSS/VSS/NVSS TSS/VSS/NVSS 
(all in units milligrams/liter) 

4262/3229/1033 
3344/2376/968 
2685/1818/867 
2345/1617/728 
2280/1540/740. 
1936/1264/672| 
1990/1210/780?' 
1983/1180/803?- 
1855/1125/7301 

4262/3229/1033 
3065/2532/533 
2862/1867/995 
2438/1635/803 
2133/1575/558 
1609/1157/452?- 
1642/1101/541?- 
1650/1107/543?- 
1550/1060/4901 

4262/3229/1033 
3646/2748/898^ 
3624/2411/12132 

2989/1973/1016 
2665/1860/805 
2220/1404/816 
2156/1325/831 
2095/1222/873 
1935/1255/680 

Digestion Temperatures 
41 °C 33 °C 

TSS/VSS/NVSS TSS/VSS/NVSS 
(all in units milligrams/liter) 

4785/3715/1070 
3002/2145/857 
2676/1769/907 
2372/1576/796 
2250/1477/763 
1943/1317/626 

4622/3577/1045 
2647/1966/681 
1913/1350/563 
1864/1312/552 
1774/1221/553 
1552/1078/444 

Digestion Temperatures 
25 °C 30 °C 18 °C 

TSS/VSS/NVSS TSS/VSS/NVSS TSS/VSS/NVSS 
(all in units milligrams/liter) 

5698/4298/1400 
4763/3619/1144 
3657/2571/1086 
3005/2117/888 
2603/1806/797 
2424/1597/827 
2275/1496/779. 
2335/1495/8401 

5338/4026/1312 
4615/3465/1150 
3023/2068/955 
2690/1850/841 
2357/1617/740 
2348/1515/833 
2223/1431/792?- 
2220/1425/7951 

5525/4200/1325 
4814/3745/1069 
3866/2834/1032 
3368/2563/805 
2755/2112/643 
2426/1719/707 
2186/1601/585 
2179/1578/601. 
2254/1377/8771 
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TEST 4 
Digestion Temperatures 

10 °C 
Date and Time TSS/VSS/NVSS 

(all in units milligrams/liter) 

1/20/84 5:00 pm 6053/4864/1189 
1/22/84 12:00 pm 5400/4825/575 
1/23/84 2:00 pm 5725/4775/950 
1/25/84 8:00 am 4933/4000/933 
1/27/84 3:00 pm 4960/3966/994 
1/30/84 9:00 am 4450/3475/975 
2/ 2/84 2:00 pm 4700/3700/1000 
2/ 6/84 4:00 pm 4225/3450/775 

NOTE: ^discarded under assumption of reaction completion 
2discarded due to suspected error 

RESULTING ORGANISM DECAY CONSTANTS 
(Based on biodegradable solids concentration, frac^BD = 0.65) 

Temperature 
(°C) 

Decay Rate 
(hour-1) 

18 
25 
27 
29 
30 
31 
33 
41 

0.1799 
0.1876 
0.2118 
0.2221 
0.2388 
0.2550 
0.2114 
0.1333 
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ew 
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F0 
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APPENDIX 2 

LIST OF VARIABLES 

digester surface area (ft^) 

surface albedo 

digester wall area (ft^) 

biodegradable solids concentration (lb/ft^) 

initial biodegradable solids (lb/ft^) 

biodegradable volatile solids (lb/ft^) 

specific heat capacity of air (BTU/lb/°R) 

specific heat capacity of water (BTU/lb/°R) 

absolute humidity of ambient air (lb water/lb air) 

absolute humidity of air at water temp (lb/lb) 

net digester energy exchange (BTU/hr) 

net surface energy exchange (BTU/hr) 

dissolved oxygen concentration (mg/L) 

saturation dissolved oxygen.concentrâtion (mg/L) 

vapor pressure of ambient air (mbars) 

atmospheric emmisivity 

saturation vapor pressure of ambient air (mbars) 

net evaporation rate (lb vapor/hr) 

surface emissivity 

saturation vapor pressure at water temp (mbar) 

influent flow rate (ft^/hr) 

effluent flow rate (ft^/hr) 

nitrogen content of biodegradable solids (lb/lb) 
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fracNBD
= 

HER 

HE 

HG 

HI 

H
LD 

H
LU 

HM 

H0 

HPV 

HR 

HS 

HSC 

Hvap = 

HW 

kD 

kDO 

k£ = 

KLa 

LE = 

m = 

me = 

NBDS 

NBVS 

NVSS 

OEC 

nonbiodegradable fraction of total solids 

heat of biological reaction (BTU/hr) 

heat of surface evaporation (BTU/ft2/hr) 

gas differential temperature heat term (BTU/ft2/hr) 

energy of influent flow (BTU/hr) 

downward long wave radiation (BTU/ft2/hr) 

upward long wave radiation (BTU/ft2/hr) 

mixing heat energy (BTU/hr) 

energy of effluent flow (BTU/hr) 

volumetric mixing horsepower input (hp/ft2) 

net radiation (BTU/ft2/hr) 

short wave solar radiation (BTU/ft2/hr) 

heat of surface conduction (BTU/ft2/hr) 

vapor enrichment heat loss (BTU/hr) 

heat transfer through walls (BTU/ft2/hr) 

organism decay rate (hour-^) 

Monod dissolved oxygen constant (mg/L) 

surface evaporation constant 

reaeration constant (hour-^) 

latent heat of vaporization of water (BTU/lb) 

molar air flow rate (mole/hr) 

cloud cover (tenths) 

nonbiodegradable solids concentration (lb/ft2) 

nonbiodegradable volatile solids (lb/ft^) 

nonvolatile suspended solids concentration (lb/ft2) 

oxygen equivalent of biodegradable solids (lb/lb) 
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OUR 

patm 

pdif 

PG 

Pv 

PW 

QG 

Qvap 

R 

rA 

RE 

Rh 

*020 

o 

Ta 

Tl 

Tref 

TSS 

TSSj 

Tsurr 

TW 

U 

uw 

V 

VSS 

X 

oxygen uptake rate (mg/L/hr) 

ambient atmospheric pressure (mbars) 

gas pressure at diffuser (mbars) 

density of gas (lb/ft^) 

density of water vapor (lb/ft^) 

density of water (lb/ft^) 

diffused air flow rate (ft^/hr) 

flow rate of water vapor (lb/hour) 

ideal gas constant (BTU/mole/°R) 

rate of oxygenation (mg/L/hr) 

surface evaporation rate (feet/hr) 

ambient relative humidity (percent) 

rate of oxygen uptake (lb/hr) 

Stephen-Boltzmann constant (BTU/ft^/hr/°R^) 

ambient air temperature (°R) 

influent temperature (°R) 

reference temperature (°R) 

total suspended solids concentration (lb/ft^) 

initial total suspended solids (lb/ft^) 

temperature of digester surroundings (°R) 

digester temperature (°R) 

heat transfer coefficient (BTU/hr/°R) 

wind speed (ft/hr) 

digester volume (ft^) 

volatile suspended solids concentration (lb/ft^) 

arbitrary solids concentration (lb/ft^) 
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APPENDIX 3 

CSMP MODEL LISTING FOR BATCH SIMULATIONS 

* CSMP PROGRAM FOR DIGESTER TEMPERATURE 
* ASSUMES REACTION GOES ACCORDING TO KINETICS 
* CALCULATES THE OXYGEN UPTAKE RATE 
INITIAL 
* LIST OF VARIABLES: 
* AREA = TOTAL DIGESTER SURFACE AREA (SQ FEET) 
* PRESS = ATMOSPHERIC PRESSURE (MILLIBARS) 
* RD = IDEAL GAS CONSTANT (JOULE/KG DEG K) 
* KTR = BVS KINETIC DECAY RATE CONSTANT AT 20 C (HOUR-1) 
* U = HEAT TRANSFER COEFFICIENT (BTU/HOUR DEG C) 
* OEC = OXYGEN EQUIVALENT OF BVS (LB 02/LB BVS) 
* FRACN = FRACTION OF NITROGEN IN BVS (LB N/LB BVS) 
* DENW DENSITY OF WATER (LB/CUBIC FEET) 
* CPW = SPECIFIC HEAT CAPACITY OF WATER (BTU/LB DEG C) 
* DENVAP = DENSITY OF WATER VAPOR (LB/CUBIC FEET) 
* F VS = FRACTION OF TOTAL SOLIDS THAT ARE VOLATILE 
* FBVS = FRACTION OF VOLATILE SOLIDS THAT ARE BIODEGRADABLE 
* TS = TOTAL SUSPENDED SOLIDS (LB/CUBIC FEET) 
* WINDSP = WIND VELOCITY (FEET/HOUR) 
* VOL = WATER VOLUME IN REACTOR (CUBIC FEET) 
* TW = WATER TEMPERATURE (DEG C) 
* TWF = WATER TEMPERATURE (DEG F) 
* TWK = WATER TEMPERATURE (DEG K) 
* VS = VOLATILE SUSPENDED SOLIDS (LB/CUBIC FEET) 
* BVS = BIODEGRADABLE VOLATILE SUSPENDED SOLIDS (LB/CU FT) 
* NBVS = NONBIODEGRAD VOLATILE SUSPENDED SOLIDS (LB/CU FT) 
* NVS = NONVOLATILE SUSPENDED SOLIDS (LB/CUBIC FEET) 
* TAIR = AIR TEMPERATURE (DEG C) 
* TAIRF = AIR TEMPERATURE (DEG F) 
* TAK = AIR TEMPERATURE (DEG K) 
* RELHUM AMBIENT RELATIVE HUMIDITY (PERCENT) 
* A1RSAT = SATURATION VAPOR PRESSURE AT AIR TEMP (MBAR) 
* WATSAT = SATURATION VAPOR PRESSURE AT WATER TEMP (MBAR) 
* VAPAIR = VAPOR PRESSURE OF AIR AT RELHUM (MBAR) 
* QAIR 35 AIR FLOW RATE (CUBIC FEET/HOUR) 
* DENAIR = DENSITY OF MOIST AMBIENT AIR (LB/CUBIC FEET) 
* CPAIR = SPECIFIC HEAT CAPACITY OF MOIST AIR (BTU/LB DEG C) 
* KT = BVS KINETIC DECAY RATE CONSTANT (HOURS-1) 
* RNET = NET RADIATION (BTU/HOUR) 
* LE = SURFACE EVAPORATION HEAT LOSS (BTU/HOUR) 
* HSC = HEAT EXCHANGE RATE OF SURFACE CONDUCTION (BTU/HR) 
* WALLA = DIGESTER WATER DEPTH (FEET) 
* HWALL = HEAT LOSS THROUGH DIGESTER WALLS (BTU/HOUR) 
* HGAS = HEAT INPUT WITH DIFFUSED AIR FLOW (BTU/HOUR) 
* HVAP = HEAT LOSS TO VAPOR ENRICHMENT OF DIFF AIR (BTU/HR) 
* R02U = OXYGEN UPTAKE RATE (LB OXYGEN/HOUR) 
* HBR = HEAT PRODUCED BY BIOLOGICAL REACTION (BTU/HOUR) 
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* DELH 
* EVAP 
* EVAPT 
* EVCON 
* MASS 
★ LEVAP 
* CO 
* CZ 
* KDO 
* KLA 
* SBC 
* MASS0 
* NBDS 
* AIRFLO 
* DELAH 
* AIREF 
* DO 
* EPSS 
* CSTAR 
* HPOWER 
* HMIX 
* CLDCOV 
* RLD 
* RLU 

NET DIGESTER HEAT EXCHANGE (BTU/HOUR) 
SURFACE EVAPORATION RATE (LB/HOUR) 
TOTAL EVAPORATION RATE (LB/HOUR) 
EVAPORATION FORMULA CONSTANT (DIMENSIONLESS) 
TOTAL MASS OF BVS PRESENT IN DIGESTER (LB) 
LATENT HEAT OF VAPORIZATION, WATER (BTU/LB) 
SAT VAPOR CONC OF AIR AT TW (KG VAPOR/KG AIR) 
VAPOR CONCENTRATION OF AIR (KG VAPOR/KG AIR) 
MONOT DISSOLVED OXYGEN CONC PARAMETER (MG/L) 
TWO-FILM TRANSFER RATE CONSTANT (1/HOUR) 
STEPHEN-BOLTZMANN CONSTANT (BTU/FT2 HR DEG K4) 
INITIAL BIODEGRADABLE SOLIDS (LB) 
INITIAL NONBIODEGRADABLE SOLIDS (LB) 
DIFFUSED AIR FLOW RATE (SCF/HR) 
CHANGE IN ABSOLUTE HUMIDITY OF AIR (LB H20/LB AIR) 
TOTAL DIFFUSED AIR HEAT TERM (BTU/HR) 
DISSOLVED OXYGEN CONCENTRATION (MG/L) 
ATMOSPHERIC EMISSIVITY UNDER CLEAR SKIES 
SATURATION DISSOLVED OXYGEN CONCENTRATION (MG/L) 
MIXING HORSEPOWER INPUT (HP/1000 CU FT) 
MIXING HEAT INPUT (BTU/HR) 
CLOUD COVER OF SKIES (TENTHS) 
DOWNWARD LONGWAVE ATMOSPHERIC RADIATION (BTU/HR FT2) 
UPWARD LONGWAVE BACKBODY RADIATION (BTU/HR FT2) 

PARAM AREA=2827.0, VOL=42405.0 
PARAM A0=6984.505294,Al=-188.903931,A2=2.133357675 
PARAM A3=-l.288580973E-02,A4=4.393587233E-05 
PARAM A5=-8.023923082E-08,A6=6.136820929E-11 
PARAM PRESS=1013.0,RD=287.04 
PARAM KTR=0.148,U=0.23,OEC=l.5,FRACN=0.08 
PARAM DENW=62.43,CPW=1.80,DENVAP=0.053 
PARAM FRACNB=0.3,TS=1.248 
PARAM SBC=1.797634E-08,ALD=0.22,BLD=2.0,CLDCOV=0.2 
PARAM EVCON=2.59E-06 
PARAM AIRFLO=51000.0,TS=1.248 
PARAM KDO=0.125, KLA=10.0 
PARAM HPOWER=l.25 
INCON VOLI=22616.0,TWI=23.3 
MASS0=(1.0-FRACNB)*TS*VOL 
NBDS=FRACNB*TS*VOL 

DYNAMIC 
* WEATHER PARAMETER CONTROL SECTION 
NOSORT 

THETA=TIME 
CYCLE=THETA/360.0 
THETAK=THETA 
THETA=THETAK-360.0 
IF(CYCLE.GT.1.0) GO TO 55 
THETA=CYCLE *360.0 

55 

SORT 
* 

* WEATHER DATA FROM FUNCTIONS 
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* 

RSW =AFGEN(RADSW,THETA) 
TAIRF =NLFGEN(AIRTE,THETA) 
TAIR =(TAIRF-32.2)*5.0/9.0 
WINDSP= 5280.0 *NLFGEN(WIND,THETA) 
RELHUM=NLFGEN(HUMID,THETA) 
QAIR=AIRFLO 

WEATHER-RELATED PARAMETERS 

AIRSAT=A0+TAK*(Al+TAK*(A2+TAK*(A3+TAK*(A4+TAK*(A5+A6*TAK))))) 
WATSAT=A0+TWK*(Al+TWK*(A2+TWK*(A3+TWK*(A4+TWK*(A5+A6*TWK))))) 
LEVAP=1075.2-1.02*TW 
C0 = 0.622 *WATSAT/PRESS 
CZ=0.622*RELHUM*AIRSAT/PRESS/100.0 

.VAPAIR=AIRSAT*RELHUM/100.0 
DENAIR=6.236*PRESS*(1.-0.378*VAPAIR/PRESS)/(RD*(TAIR+273.15)) 
CPAIR=0.0004302*((PRESS-VAPAIR)*1005.0+VAPAIR*1846.0)/PRESS 

RATE CONSTANT INHIBITED AT HIGH TEMPERATURES 
KT=KTR*(1.0 5 * *(TW-20.0))/24.0 
TWF=1.8 *TW+ 32.0 
TAK=TAIR+273.15 
TWK=TW+ 273.15 

SOLAR RADIATION FORMULAS 

EPSS=1.24*(VAPAIR/TAK)**(1.0/7.0) 
RLD=EPSS*SBC*(1.0+ALD*CLDCOV**BLD)*TAK**4.0 
RLU=0.97*SBC*TWK**4.0 
RNET=(0.94*RSW+0.97*RLD-RLU)*AREA 

EMPIRICAL EVAPORATIVE FORMULA (GENERAL FORM) 

EVAP=0.75*EVCON*(1.0+35000.0/WINDSP)*WINDSP*(C0-CZ) 
LE=EVAP*AREA*DENW*LEVAP 

SURFACE CONDUCTION FORMULA OF TVA BASED ON EVAPORATIVE RATE 
IN BTU/HOUR 

HSC=-EVCON*DENW*CPAIR*WINDSP*(TW-TAIR)*AREA 

HEAT LOSS THROUGH WALLS 
ASSUMED SIDES AND BOTTOM CONTACT EARTH AT 70 DEG F 
ALSO ASSUMED THAT NO HEAT PASSES FROM EARTH TO BASIN 

WALLA=VOL/AREA 
HWALL1=U*(WALLA+AREA)*(21.11-TW) 
HWALL=AMIN1(HWALL1,0.0) 

HEAT GAINED/LOST THROUGH TEMPERATURE DIFFERENTIAL OF 
DIFFUSED AIR 



HGAS=QAIR*DENAIR*CPAIR*(TAIR-TW) 
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* HEAT LOSS THROUGH VAPOR ENRICHMENT OF DIFFUSED AIR 
* 

RH=RELHUM/100.0 
DELAH=WATSAT/ ( PRESS-WATSAT ) -AI P.SAT*RH/ ( PRESS-AIRSAT*RH ) 
HVAP=LEVAP*DENVAP*QAIR*DELAH 
AIREF=HGAS-HVAP 

* 

* HEAT GAIN FROM THE BIOLOGICAL REACTION 
* 

R02U=0EC*KT*BVS*VOL*(DO/(KDO+DO)) 
* 

* 6100.0 BTU OF HEAT PRODUCED PER LB OF BVS OXIDIZED 
* 11000;0 BTU OF HEAT PRODUCED PER LB NH3 NITRIFIED 
* (AFTER ANDREWS AND KAMBHU) 
* 

HBR=R02U*(6100.0+11000.0*FRACN/OEC) 
* 

* MIXING HEAT INPUT 
* 

HMIX=2.546*HPOWER*VOL 
* 

* THE HEAT BALANCE 
* 

DELH=RNET-LE+HSC+HWALL+HGAS-HVAP+HBR+HMIX 
DTWDT=DELH/DENW/CPW/VOL+FLOWIN*(TWIN-TW)/VOL 
TW=INTGRL(TWI,DTWDT) 

* 

* VOLUME BALANCE 
* 

EVAPT=(LE+HVAP)/LEVAP 
DVOLDT=-EVAPT/DENW 
VOL=INTGRL(VOLI,DVOLDT) 

* 

* DISSOLVED OXYGEN BALANCE 
* 

DDODT=KLA*(CSTAR-DO)-16034.0*RO2U/VOL 
D01=INTGRL(1.0,DDODT) 
DO=AMAXl(DOl,0.0) 
CSTAR=13.35-0.20*TW 

* 

* BIODEGRADABLE VOLATILE SOLIDS MASS BALANCE 
* 

DMASDT=-R02U/OEC 
MAS S =INTGRL(MASS 0,DMASDT) 
BVS=MASS/VOL 
TS=(NBS+MASS)/VOL 

TERMINAL 
TIMER FINTIM=720.0,PRDEL=10.0,OUTDEL=l.0,DELMIN=1.0D-08 
RELERR VOL=0.01 
ABSERR VOL=0.01 
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METHOD STIFF 
PRINT TWF, TSI ,DELH,AIREF,WALLA,LE,DO,HBR,R02U,SCOUR,FRACBD 
TITLE SIMULATED OUTPUT FOR BATCH DIGESTER WITH DIFFUSED AERATION 
OUTPUT TWF,WALLA,R02U 
LABEL SIMULATED OUTPUT FOR OPERATING DIGESTER WITH DIFFUSED AERATION 
END 
STOP 
ENDJOB 


