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ABSTRACT 

The main objectives of this research were to: (1) collect field measurements of bacterial regrowth 
over a 12-month study (September 1998-August 1999) in the Durham and Raleigh distribution 
systems to add to the data base from our previous 17-month study of the same systems and (2) 
initiate development of a deterministic model of bacterial regrowth that will eventually be linked 
with components that account for uncertainty in parameter estimates to yield a more realistic 
model. Heterotrophic plate count (HPC) by the R2A agar method, total coliforms, biodegradable 
dissolved organic carbon (BDOC), chlorine residual (in Durham), combined chlorine (in 
Raleigh), disinfectant demand, disinfectant decay rates, total organic carbon (TOC) and 
temperature were measured monthly in the finished water and 10 stations in each distribution 
system. A tracer study was conducted in Durham to measure mean water residence time. The 
study design was unique because it included a negative step input of fluoride at one water 
treatment plant (WTP) in Durham (Williams WTP) and a simultaneous switch in coagulant at the 
other (Brown WTP). This permitted calculation of the percent contribution of water from each 
WTP at each sampling station and a weighted average of the mean residence time of water 
originating from each WTP. Mean water residence time was defined from interpretation of the 
concentration-time data of chemical tracers at each sampling station. We believe that mean 
residence time can be correlated with water age as calculated in hydraulic network models. 

Based on the HPC data in the Durham and Raleigh distribution systems, the effectiveness of 
chlorine and combined chlorine in controlling regrowth was judged about equal and confirmed 
our previous findings. High HPC was found at stations with low chlorine concentrations in 
Durham and low combined chlorine concentrations in Raleigh. Low residual concentrations 
were generally associated with long mean residence time as expected. Although the BDOC was 
less than 0.5 mgIL, it was sufficient to produce regrowth at stations with low disinfectant 
residual. The bulk decay rates for free and combined chlorine showed that a simple, first-order 
rate model is simplistic; concentration of oxidizable organic matter should be included. 

A mechanistic model of regrowth was developed for a long section of pipe of a fixed diameter 
under steady-state flow conditions. The model included bacterial growth and attachment to the 
pipe wall, subsequent bacterial detachment, and chlorine inactivation of bacteria in bulk solution. 
The model showed that regrowth is very sensitive to the free-chlorine dosage in the finished 
water. Decreasing the chlorine dosage from 0.7 to 0.5 mg/L increased the HPC by several orders 
of magnitude. Once a biofilm was established on the pipe, neither increasing the chlorine dosage 
nor decreasing the BDOC in the finished water reduced regrowth substantially over 100 hours of 
simulation. 

The tracer data collected in both Durham and Raleigh will provide an excellent basis for 
calibration of existing network models such as EPANET. About 27 sets of monthly water 
quality data are available for testing the accuracy of model predictions for chlorine or chloramine 
residuals in such models. The development of new models that include bacterial regrowth may 
be advanced as well by use of our HPC data. The data sets would provide for testing of 
uncertainty in parameter estimates because in such models a distribution of parameter values 
must be included and this requires calibration with many sets of data. 
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SUMMARY AND CONCLUSIONS 

The field measurements of this 12-month study (September 1998-August 1999) of bacterial 
regrowth in the Durham and Raleigh distribution systems added to the data base from our 
previous 17-month study of the same systems (DiGiano et al. 2000). The following additional 
information was provided: (1) an estimate of mean water residence time in the Durham 
distribution system by a tracer study; (2) replacement of Assimilative Organic Carbon (AOC) 
test with the Biodegradable Dissolved Organic Carbon (BDOC) test; (3) development of the first 
stage of a mechanistic model for bacterial regrowth. 

Mean water residence time was defined in this research from interpretation of the concentration- 
time data of chemical tracers at each sampling station. We believe that mean residence time 
fiom tracer studies can be correlated with water age as calculated in hydraulic network models. 
The tracer study needed in Durham to measure mean residence time was complicated by the fact 
that two water treatment plants (WTPs) supply the distribution system. Therefore, the tracer 
study was designed to determine the mean residence time for water arriving fiom both the Brown 
and Williams WTPs at ten sampling stations. The percent contribution of water from each WTP 
at each station was determined by steady-state feed of different coagulants at the two WTPs 
(FeC13 at the Brown WTP and (Al)2(S04)3 at the Williams WTP). A negative step input of 
fluoride at the Williams WTP and a simultaneous switch in coagulant at the Brown WTP from 
FeC13 to (A1)2(S04)3 permitted calculation of a weighted average of mean residence time based 
on the percent of water arriving from each WTP at each sampling station. It was shown that the 
sampling stations nearest each of the two WTPs receive water almost entirely from each 
respective WTP as expected. Mean residence time varied from 6 to 254 hours among the 
sampling stations. The free-chlorine residual concentration was shown to decrease with an 
increased mean residence time as expected. 

Previous calculations of mean residence time had been made from chlorine residual and chlorine 
decay rates at each of the stations (DiGiano et al. 2000). The values of mean residence time in 
that study ranged from 16 to 2 12 hours. They were only in rough correspondence with the 
ascending order of mean residence time found from the tracer study. Lack of agreement with 
tracer results was expected given the many shortfalls of the chlorine residual-chlorine demand 
method of measuring mean residence time. In particular, the spatial and temporal variability in 
first-order rate constant for chlorine decay, k, suggested that a more complex model was needed 
to explain chlorine demand. In lieu of such a model, the k values were averaged over each of the 
ten stations for each sampling before calculating mean residence time. These mean residence 
time values were again averaged over the 15-monthly observations before comparing with the 
results from the tracer method. Thus, the chlorine residual-chlorine demand method includes 
both spatial and temporal averaging. The latter is important because water demand varies 
seasonally and this could affect mean residence time. In contrast, calculation of mean residence 
time from the tracer results was for a specific, short time period (approximately 1 week 
following the step change in tracer concentrations on April 15, 1999). Another important 
shortcoming of the chlorine residual-chlorine demand method was the absence of data for wall 
demand. Only the bulk water demand was measured, whereas wall demand is probably much 
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more important. Inclusion of wall demand would have decreased the estimates of mean 
residence time by this method. 

The water quality parameters measured at each sampling station were disinfectant residual (free 
chlorine in Durham and combined chlorine in Raleigh), disinfectan demand, disinfectant decay 
rat, heterotrophic plate count (HPC) with the R2A agar method, total organic carbon (TOC), 
biodegradable dissolved organic carbon (BDOC), and temperature. Although our previous study 
had also included inorganic nutrients (ammonia-N, nitrite-N, nitrate-N and phosphate-P), these 
were eliminated due to budget constraints and the fact that inorganic nutrients were determined 
not to limit regrowth. Further cost savings were realized by switching from the AOC to the 
BDOC test which could be done in-house. Although initial problems were encountered with 
reproducibility of the BDOC, data from the last 8 monthly samples were acceptable. 

The data from monthly sampling supported the general trends of high HPC at stations with low 
chlorine concentrations in Durham and low combined chlorine (chloramine) concentrations in 
Raleigh that had been observed in our previous project. Low disinfectant residuals were also 
associated with long mean residence time. One station in the Raleigh system (FS6), which is 
located in downtown Raleigh, continued to exhibit very low combined chlorine concentrations 
and high HPC as a result of its location at the dividing line between two pressure zones. If we 
assume from the mean residence time estimates that the spatial distribution of sampling sites is 
representative for each city, high HPC and low residuals were found regardless of whether the 
disinfectant was free or combined chlorine. This supports our findings from the previous 15 
months of observations. 

As was observed in our previous study, the bulk decay rates for both fiee and combined chlorine 
did not agree with a simple, first-order rate model. This has implications for deterministic 
modeling of regrowth. A more sophisticated rate model may be needed that accounts for the 
concentration of oxidizable organic matter and disinfectant wall demand. 

Although the BDOC was less than 0.5 mgIL, it was sufficient to produce regrowth at stations 
with low disinfectant residual. However, BDOC was poorly correlated with HPC for several 
reasons. Foremost, only a small amount of substrate is consumed to produce a measurable 
increase in HPC; the decrease in BDOC, therefore, may not be within the precision of the BDOC 
test. It is also debatable as to whether a positive or negative relationship should exist between 
HPC and BDOC. A low BDOC could very well correspond to a high HPC at a point in the 
distribution system with long water age, low disinfectant residual and with significant 
cumulative consumption of substrate. Alternatively, a low BDOC could correspond to a low 
HPC if the substrate is limiting the regrowth. Finally, a perhaps better BDOC parameter for 
correlation with HPC is the change in BDOC between the finished water entering the distribution 
system and the sampling point: the larger the decrease in BDOC, the greater may be the increase 
in HPC. 

This project also afforded an opportunity to measure the impact of a flushing program in Durham 
and the annual switch for the month of March from combined to free chlorine in Raleigh. 
Similar events had been followed in the previous project (DiGiano et al. 2000). Flushing 
increased the chlorine concentration to 1 m g L  for at least one month at several affected stations 
in Durham; the previous project had not shown flushing to be as effective. The switch from 
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combined to free chlorine for one month in Raleigh, as is required by the state of North Carolina, 
did not cause a long-lasting decrease in HPC levels at stations with relatively low combined 
chlorine concentrations. This had also been observed in the previous project. 

The first step toward development of a new simulation model for regrowth was taken. A set of 
differential equations was written to provide a mechanistic model of regrowth for a long section 
of pipe of a fixed diameter under steady-state flow conditions. The model included bacterial 
growth and attachment to the pipe wall, subsequent bacterial detachment, and chlorine 
inactivation of bacteria in bulk solution. A relatively new numerical method referred to as an 
split operator algorithm was very efficient. This technique is simple and easy to code. Using a 
personal computer, 100 hours of unsteady state operation were simulated in a 10 km length of 
pipe in about 20 seconds. However, the solution be influenced by numerical dispersion which 
means that it may not be accurate; this possibility needs further investigatioin. The model was 
used to show that regrowth is very sensitive to the fiee-chlorine dosage in the finished water. 
For example, decreasing the chlorine dosage from 0.7 to 0.5 mg/L increased the HPC in bulk 
solution by several orders of magnitude. These results were in qualitative agreement with field 
observations in Durham. Once a biofilm was established on the pipe, the model showed that 
neither increasing the chlorine dosage nor decreasing the BDOC in the finished water reduced 
regrowth substantially over 100 hours of simulation. 

The additional sampling data from the distribution systems and the initial work on a new 
simulation model provide the tools for further development of a regrowth simulation model that 
will include uncertainty. Uncertainty arises in both specification of the input variables and the 
parameter values of various sub components of the model. If uncertainty analysis is to be 
included in a deterministic model, many sets of field data will be needed to establish through 
calibration a distribution of parameter values. Between the two projects completed in the 
Durham and Raleigh systems, there are about 26 sets of monthly water quality data. Many of 
these data sets could be used in the model calibration step to account for uncertainty in parameter 
estimations. The remaining sets of data can be used for model verification. 
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RECOMMENDATIONS 

1. Our research has shown that effect of bacterial regrowth is more likely seen at locations with 
long water residence time. This does not necessarily imply that bacteria grew only at these 
locations. Rather, their appearance could be the result of a,net accumulation to this point in 
the distribution system. Nevertheless, residence time is a key parameter that determines the 
extent to which disinfectant residual is depleted and similarly, the extent to which bacteria 
can regrow. More information is needed on the variation of residence time at any location. 
The factors that influence residence time are: water demand, storage tank operation, extent to 
which transmission lines are oversized, and the location of real and artificial (by closed 
valves) dead ends. The variability in residence time can be examined by seasonal tracer tests 
and by a hydraulic model of the distribution system wherein a range of system demand 
conditions could be simulated. The latter method is a better tool because it is far less labor 
intensive and it permits investigation of both current and future situations in the distribution 
system. Both Raleigh and Durham would benefit by including analysis of residence time (or 
"water age" in existing network models) in their plans for upgrading of hydraulic models. 

2. Measurements of the chlorine decay rate in bulk water taken from the distribution systems 
did not agree with a first-order kinetic model. One possible reason is that the rate depends 
not only on the residual chlorine but also on the concentration of material to be oxidized. In 
turn, the oxidizable material may depend upon the presence of corrosion products and thus is 
dependent on location in the distribution system. More detailed measurements of chlorine 
demand are warranted in the presence and absence of wall material. 

3. The mean water residence time determined from the concentration-time data of tracers at 
each sampling point needs to be compared with the conventional calculation of water age in 
hydraulic network models. A numerical experiment could be conducted on a hypothetical 
network. A hydraulic model such as EPANET could be used to calculate water age at 
various locations in the network and to simulate a tracer experiment. The mean residence 
time from tracer data generated by EPANET as proposed in this research could be compared 
with the calculation of water age at various locations. 

4. Both Durham and Raleigh should pursue updating of their network computer models with 
software that includes water quality simulations, in particular with models that predict the 
concentration of conservative tracers and non conservative disinfectants. The field data 
collected in this project will be very useful for calibration and verification of these models. 

5. The assumptions in existing deterministic models for bacterial regrowth in distribution 
systems should be critically examined, particularly with regard to the mechanisms of 
attachment, detachment and inactivation of microbes. The following two examples are given 
to illustrate deficiencies. The SANCHO model does not include the shear effect of water 
velocity on biofilm, chlorine demand exerted by pipe wall material, nor differences in 
attachment potential of bacteria to different pipe materials. PICCOBIO assumes that the 
biofilm structure consists of a chlorinated upper layer and unchlorinated lower layer (Dukan 
et nl. 1996) whereas it is more likely that the biofilm is thin and "patchy" thus making this 
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type of two-layer model unrealistic. On the other hand, another two-layer concept could be 
applicable wherein the predominant layer is inorganic matter (e.g., on the cast iron surface) 
into which is imbedded another "layer" of a few bacterial cells. The inorganic matter could 
serve as reactioddiffusion impediment to a disinfectant. 

6. The importance of numerical dispersion produced by the split operator numerical method for 
solving the mechanistic bacterial regrowth model needs to be investigated by use of 
alternative numerical methods. 

7. The proposed bacterial regrowth model needs to be interfaced with a hydraulic model in 
order to have a practical tool to assess the spatial and temporal variation in regrowth. 
EPANET is the logical choice for the hydraulic model because its code can be modified by 
the user. The combined model will allow proper simulation of hydraulic conditions such as 
water velocity and water age. 

8. The proposed model needs to be calibrated and verified under steady state using both prior 
knowledge from the literature and the water quality data collected in the Durham and Raleigh 
water distribution systems during this project and the prior project. 

9. The proposed model should include uncertainty analysis. This is necessary because the 
mechanistic model structure for processes that determine the extent of bacterial regrowth is 
not well understood. Moreover, within the current model structure there is a need to 
recognize uncertainty in values of the system constants related to microbial growth, death, 
detachment, and inactivation. Variations in physical parameters such as water velocity and 
pipe roughness also contribute to uncertainty in the model. As first step, three techniques for 
uncertainty analysis (sensitivity analysis, first-order error analysis andlor Monte Carlo 
simulations) should be explored for a small hypothetical pipe network. The output of this 
analysis would be the posterior probability distribution for the key parameters such as HPC 
and residual disinfectant concentrations. 
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INTRODUCTION 

PROBLEM STATEMENT 

Many studies have indicated that water quality deteriorates within the distribution system 
(LeChevallier et al. 1987, 1 988a,b, 1996a, b, van der Kooij 1992, Prevost et al. 1998). A poorly 
maintained or aged distribution system could thus jeopardize large investments in water 
treatment to meet recent EPA-mandated disinfectioddisinfection byproducts regulations that 
have been aimed at protecting the consumer against both water-borne diseases and long-term 
cancer risk from disinfection byproducts. Payment et al. (1 99 1) in a study of 600 households, 
half of which used tap water and half of which used reverse osmosis devices for drinking water, 
demonstrated that 35% of the reported gastrointestinal illness among tap-water drinkers was 
attributable to drinking water that met all current drinking water microbiological standards. In a 
more recent prospective epidemiological study, Payment et al. (1 997) demonstrated that those 
who drank conventionally-treated water meeting all microbiological and residual disinfectant 
standards were 14% more likely to develop gastrointestinal illness than the control group 
drinking bottled water that had been further treated with reverse osmosis. 

The most well documented water quality problem in distribution systems is bacterial regrowth. 
It has been associated with episodes of coliform regrowth, the likelihood of waterborne illness, 
enhanced pipe corrosion and taste and odor problems (LeChevallier et al. 1987; Gagnon and 
Huck 1996; and Mackay et al. 1998). The presence of biodegradable organic matter (BOM) in 
finished water is a key factor responsible for regrowth because without an energy source, 
microbes would not be able to multiply. Removal of BOM at the treatment plant is not yet 
widely practiced. Instead, the goal is to maintain a sufficient disinfectant residual to assure 
biological stability. However, bacteria are often detected at the consumer tap in spite of keeping 
sufficient disinfectant residual in the water (LeChevallier et al. 1988b, 1990). There is ample 
evidence in the recent literature of occurrences of coliform bacteria even in the presence of free 
chlorine residual (Norton and LeChevallier 1997). A recent American Water Works Research 
Foundation sponsored survey of 3 1 distribution systems in the U.S. showed evidence of fecal 
coliform regrowth (LeChevallier et al. 1996a). Although coliforms were detected in less than 1 
percent of the samples taken, these occurrences are important fiom a public health perspective. 
The public health risk is direct and immediate if consumers drink water contaminated with 
pathogenic bacteria. 

Occurrences of bacterial regrowth are likely to increase with urbanization. The aggregate effect 
of urbanization is often deterioration in raw water quality. Sequential extraction and discharge 
of water on rivers is a good example. Even if the current standards for wastewater treatment is 
met, an increase in treated discharge will increase the absolute mass of biodegradable organic 
matter entering the receiving water. Similarly, the increase in impervious surfaces that 
accompanies urbanization leads to more runoff and potentially more biodegradable organic 
matter entering receiving waters. Unless downstream water treatment plants include a process 
for removal of this biodegradable organic matter (this is not yet common practice), then there 
will be greater potential for bacterial regrowth in the distribution system. In addition, 
urbanization leads to an increase in the water service area and greater complexity in operation of 



the distribution system (e.g., more elevated storage tanks and installation of oversized pipes for 
future expansion). The result is often an increase in water residence time and a reduction in 
disinfectant residual at some locations. With less disinfectant residual, bacterial regrowth is 
likely to increase. 

The growth of free bacteria in distribution networks cannot be explained solely by the 
multiplication of cells that occurs in the bulk water during the residence time up to the point of 
use (Van Der Wende et al. 1989, van der Kooij 1992, Dukan et al. 1996). These free bacteria 
most likely originate instead from the biofilm on the pipe surface as shown in Figure 1 (Camper 
1996; LeChevallier et al. 1 987, l988b; Donlan et al. 1988; and Piriou et al. 1 998). The 
concentration of BOM at any point in the distribution system provides energy for microbial 
growth. Although disinfectant may be present in bulk solution, this does not prevent growth of 
bacterial cells on the pipe walls. Bacterial cells are frequently embedded in an organic polymer 
matrix of microbial origin. The relatively rough surface of the pipe wall encourages attachment 
and protection from the action of the disinfectant. Moreover, the disinfectant may be chemically 
reduced near the surface due to reactions with the pipe material (e.g., corrosion reactions). The 
factors that affect attachment and detachment are not well understood. However, it is generally 
accepted that some fraction of the attached bacteria are susceptible to detachment both because 
of their physiological state and the shearing action of the water moving through the distribution 
system. Once released, these bacteria are exposed to the disinfectant in the bulk water. 
However, the inactivation kinetics can be quite slow especially when the residual disinfectant 
concentration is low. Thus, detached bacteria could possibly survive for long distances in the 
distribution system. 

Biofilm 
Detached bacteria 

HPC 

BOM, Cl, BOM, CI, 

Microbiological Processes 

Figure 1. Schematic diagram of bacterial regrowth phenonena in distribution system 

Bacterial regrowth has been investigated most commonly in field-based studies. Our previous 
NC WRRI-funded project (DiGiano et al. 2000) is one such example. It included 15-monthly 
measurements of water quality at 10 stations in the distribution systems of Durham and Raleigh, 
North Carolina. The largest field study to date of regrowth included 3 1 U.S. cities (LeChevallier 
et al. 1996a). The results of such studies have shown that residual disinfectant concentrations 
and heterotrophic plate counts can be variable both spatially and temporally. 



Statistically based approaches have been used to intepret the results of field data and specifically, 
to determine the factors influencing bacterial regrowth. However, these are often limited by the 
frequency of sampling and the number of sampling sites, both of which are restricted by cost. 
ALCOL is a statistical model to evaluate the occurrence of total coliforms in a given network, 
based on the mean network values of temperature, disinfectant residual, biodegradable dissolved 
organic carbon (BDOC) concentration, and abundance of bacteria in suspension (Laurent et al. 
1997). LeChevallier et al. (1 996a) set up a tree-based statistical model for prediction of coliform 
bacteria in distribution systems. This is a more specific, as well as a more important, end point 
for bacterial regrowth modeling than HPC. Although state regulatory agencies typically require 
testing for coliform if HPC exceed 500/mL, a quantitative relationship between the two 
indicators does not exist. LeChevallier et al. (1 997) used a regression tree model to show that 
the highest rate of coliform occurrence was related to low phosphate levels, low alkalinity and 
high temperature. Counter intuitively, disinfectant residual and amount of substrate did not seem 
as important although the second highest coliform occurrence rate had low disinfectant residuals 
as causative a factor. The authors admit that such models lack the statistical power to predict 
coliform occurrences. One of the main drawbacks was probably pooling all the data from 3 1 
cities with very different water quality and pipe network characteristics. Our regression analysis 
on the data collected in the previous project also indicated the prediction of bacterial regrowth 
was difficult if based on the simple statistical relation between HPC and selected water quality 
parameters (DiGiano et al. 2000). 

The alternative to a field-based approach is to develop a deterministic mathematical model for 
prediction of bacterial regrowth. Past surveys of water quality indicate that the model must 
include both spatial and temporal variations in parameters that affect regrowth. At present, there 
are several models available but they are research tools and not yet ready for practical 
implementation. The Biofilm Accumulation Model (BAM), developed by the Center for Biofilm 
Engineering at Montana State University, is just at the beginning stage of development and is 
capable of simulating only biofilm growth on a single pipe (Camper 1996). PICCOBIO, 
developed by Levi in France, is already integrated into a hydraulic model but remains relatively 
untested (Dukan et al. 1996). It is more complex than BAM and contains sub-models of 
biological growth and disinfection. Other models, such as SANCHO by Servais et al. (1994) 
have similar model structure to PICCOBIO. Testing of model sensitivity to input parameters has 
been done with SANCHO at the field scale (Cigana et al. 1997) although this is still limited in 
scope. Uncertainty analysis, however, encompasses more than just sensitivity analysis. The 
stochastic nature of bacterial processes in a complex, dynamically changing distribution system 
requires modification to a mechanistic model to account for uncertainty in a single valued ouput 
such as HPC at a specific location in the distribution system. 

RESEARCH OBJECTIVES 

The long-term goal of our research, for which this project is an intermediate step, is the 
development of a new mathematical model to predict microbial regrowth in distribution systems 
and using HPC as the surrogate parameter. The major shortcoming of existing models is 
inclusion of mathematical descriptions of all the sub components that affect the concentration of 
bacteria in bulk water that is far too detailed for our current knowledge of microbial processes. 
Thus a simplified model is sought that also includes a stochastic element to account for the 
uncertainty in mechanistic descriptions of various components (e.g., bacterial growth, 



detachment and disinfection rates). The eventual goal is to calibrate and verify such a model 
with water quality data from both the Durham and Raleigh distribution systems for which 
extensive field data now exist. 

Although 15-monthly samples had been collected in a previous project, the spatial and temporal 
variability in water quality suggested that more data were needed to provide a more robust test of 
the proposed model. The first objective of this research was, therefore, to expand the database in 
the distribution systems of ~ u r h a m  and Raleigh by continuation of monthly sampling at the same 
10 stations in both systems for an additional year. The parameters included were: total organic 
carbon (TOC); biodegradable dissolved organic carbon (BDOC); disinfectant concentration (free 
or combined chlorine); bulk water disinfectant demand; heterotrophic plate count (R2A agar 
method); and temperature. 

The second objective was to conduct a tracer test in the Durham distribution system to determine 
not only the mean water residence time but the fraction of water reaching each station from each 
of two water treatment plants serving the city. The water quality results together with mean 
residence time measurements will assist in the development of a simplified bacterial regrowth 
model for the distribution system. 

The final objective was to review existing bacterial regrowth models and from this, decide upon 
simplifications of the mechanistic description that were consistent with our current 
understanding of the processes to be modeled. The result is a new approach to regrowth 
modeling, the initial version of which incorporates biofilm growth, detachment, disinfection 
efficiency, and organic substrate biodegradation so as to predict temporal and spatial variability 
in bulk-water concentration of bacteria. This model was used to test the sensitivity of bacterial 
regrowth to concentrations of BOM and disinfectant leaving the water treatment plant and 
entering a long pipe of constant diameter. 



BACKGROUND 

ECOSYSTEM EXISTING INSIDE THE DISTRIBUTION SYSTEM 

Bacteria found in drinking water at the customer tap may originate from an external point source 
such as inadequate disinfection in the treatment process, broken water mains or accidental 
contamination. However, research suggests that the major source of bacteria is internal to the 
distribution system through the activity of biomass that is attached to the pipe walls 
(LeChevallier et al. 1987 and Camper 1996). The relationship between attached bacterial growth 
in the biofilm and suspended bacteria in the bulk water has been examined in numerous 
laboratory and field investigations (e.g., LeChevallier et al. 1 988a, 1996b and Donlan et al. 
1988). 

The distribution system contains low concentrations of substrate needed for microbial growth. 
Additionally, the presence of residual disinfectant would retard growth even when substrate is 
present. However, a biofilm offers several advantages for bacteria survival in this otherwise 
hostile environment. As shown in Figure 2, the biofilm is typically a diverse community of 
bacteria. This provides advantages for survival over a single species system. Metabolic 
capabilities are maximized and community integrity and stability are more easily sustained 
(Wolfaardt 1994 and Madigan et al. 1997). These features probably explain why microbial 
attachment is inevitable on most submerged surfaces in aquatic systems. The chemistry of pipe 
wall may also play a role in microbial attachment. For example, both inorganic and organic 
nutrient concentrations may be much higher at the wall than in bulk solution due to adsorption; 
this would increase microbial growth. The pipe wall also provides a protective environment for 
bacteria to grow, especially in older pipes (LeChevallier et al. 1988a). Bacteria can attach more 
easily because the surface has become rough due to pitting, corrosion, scaling or chemical 
deposition. Once attachment begins, bacteria produce extracellular polymers that can self 
perpetuate the attachment process. The polymer matrix can also cause rapid chemical reduction 
of disinfectants near the biofilm surface, providing a shield for bacteria against most 
disinfectants. There is now extensive evidence which reveals that most pipe surfaces in water 
distribution systems are colonized by microoganisms. A large variety of different heterotrophic 
bacteria (including potentially pathogenic bacteria) have been isolated fiom the biofilm in 
distribution systems (LeChevallier et a/.- 1987, l988b, 1999). 

The four stages of biofilm development that were proposed by van Loosdrecht (1990) and by 
Characklis (1990) are: (1) transport of bacteria to the surface; (2) initial adhesion; (3) firm 
attachment; and (4) surface colonization. Transport to the surface is by diffusion (Brownian 
motion), convection transport, and active movement of a motile bacterium itself. Usually, 
difhsive transport is slow compared with transport by convection flow or transport of motile 
cells. Initial adhesion is mainly a physicochemical process. This process can be reversible or 
irreversible. Reversible adhesion occurs because bacteria in this weak attachment stage continue 
to exhibit Brownian motion and can thus be removed from the surface by a mild shearing action 
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Figure 2. Microbial population isolated from iron pipe surface (LeChevallier 1999) 

or by the motion of the bacterium itself. Irreversibly adhering bacteria exhibit no Brownian 
motion and cannot be removed unless by a strong shear force. Little is understood about the 
process of initial bacterial attachment. Regardless of the mechanism, strong attachment to 
surfaces has been noted. Even aggressive flushing programs may not completely remove 
attached bacteria (Chadderton et al. 1993). After attachment, the organisms begin to produce 
extracellular biopolymer or "slime". Surface colonization takes place when firmly attached cells 
start growing and newly formed cells remain attached to each other; at this stage, microcolonies 
or biofilms may develop. As a biofilm develops to a certain level, part of the newly formed cells 
will be released into the bulk water. At the same time, other organisms begin to attach to biofilm 
and form a complex community. The equilibrium between the attachment and detachment will 
keep the biofilm in a relatively steady state. The detachment of some fraction of the attached 
growth in the absence of adequate disinfectant residual can cause suspended bacteria to reach the 
customer's tap. 

The composition and density of the attached community is highly variable. Ridgway and Olson 
(1 98 1) found rod and chain-forming cocci, filamentous and prosthecate cell types, extracellular 
fibrillar appendages for attachment, and helical stalks characteristic of the iron bacterium 
Gallionella while Allen et al. (1 980) found large populations of diatoms, algae, and filamentous 
and rod-shaped bacteria. Tuovinen and Hsu (1 982) measured viable organism densities that 
ranged from 3.1 to 40 x lo8 colony forming units (cfu) per gram of turbercles from pipe surfaces 
in the distribution system of Columbus, Ohio. The turbercles contained sulfate reducers, nitrate 
reducers, nitrate oxidizers, ammonia oxidizers, s u l k  oxidizers, and other unidentified HPC. 

Several public health concerns arise from attached growth. Coliform bacteria are seldom present 
in high concentrations in biofilms on pipe surfaces and most of these are not of fecal origin. 
Nevertheless, they can interfere in detection of coliform of fecal origin (Geldreich 1996). Non- 
coliform attached growth organisms may become opportunistic pathogens (Burke et al. 1984; 
LeChevallier et al. 1996a; Seidler et al. 1977; and Rogers and Keevil 1992 ). Camper et al. 
(1 985) showed that enteric pathogens persist and grow in biofilms on granular activated carbon; 
they postulated that biofilms in distribution systems could behave similarly. Although not a 



health concern, some attached organisms can cause taste and odor and create an aesthetic 
problem. Bacterial genera implicated so far as of possible concern are: Pseudomonas, 
Flavobacterium, Arthrobacter, Acintobacter, Sarcina, Micrococcus, Proteus, Bacillus, and 
Actinomycites (Geldreich 1996). In addition to bacteria, virus attachment is possible as noted in 
one recent pilot-scale of poliovirus- 1 (Quignon et al. 1997). 

FACTORS FOUND TO INFLUENCE REGROWTH 

The cause-and-effect relationship between bacterial regrowth and water quality parameters has 
not been well established because many interdependent variables are involved. However, 
distribution system hydrodynamics, mean residence time, temperature, pipe materials, the 
amount of utilizable carbon for substrate, inactivation rate by disinfectants, and choice of 
disinfectant have been identified as important. 

An "adequate" residual disinfectant concentration leaving the treatment plant is not sufficient 
reason to disregard the possibility of bacterial regrowth. Certain bacteria can survive even in the 
presence of disinfectant (LeChevallier et al. l988a; Ridgway and Olson 1982; Wierenga 1985). 
Even if the disinfectant is effective, oxidation reactions occurring during the time of travel of the 
water in the distribution system can reduce the disinfectant residual, especially in dead-end 
mains. Corrosion may increase this demand thus encouraging more microbial growth (e.g. 
LeChevallier et al. 1993; Ridgway and Olson 198 1). 

The impact of disinfectant strategy on bacterial regrowth is still open to debate although the 
literature suggests that regrowth is better controlled by chloramine than chlorine (Norton and 
LeChavallier 1997). This may seem counterintuitive because chlorine is a stronger oxidant than 
chloramine (LeChevallier et al. l988b; Jacangelo and Olivieri 1985). One explanation is that 
monochloramine can more easily penetrate the biofilm because it does not have a negative 
charge as is true of dissociated chlorine (OC1-) (LeChevallier et al. 1993). Another explanation 
is that monochloramine reacts specifically with nucleic acids, tryptophane, and sulfur-containing 
amino acids but fails to react with sugars such as ribose (Jacangelo and Olivieri 1985). Free 
chlorine reacts with a wider variety of compounds and, therefore, may be consumed more rapidly 
in the biofilm matrix. While monochloramine may be more effective in controlling attached 
bacteria, free chlorine is more effective for unattached bacteria provided that the residual is 
sufficient. LeChevallier et al. (1988a) observed that biofilm bacteria grown on the surfaces of 
granular activated carbon particles, metal coupons, or glass microscope slides were 150 to 3000 
times more resistant to free-chlorine disinfection than unattached cells. In contrast, the 
resistance of biofilm bacteria to monochloramine disinfection was 2 to 100 times that of 
unattached cells. As more water utilities consider a switch from chlorine to monochloramine 
disinfection to meet disinfection byproduct regulations, the difference in their effectiveness as 
disinfectants in the distribution system takes on added significance. 

The design and operation of the distribution system affect the residence time of water and this 
has a direct effect on bacterial regrowth. For example, when water demand decreases, the bulk 
concentration of disinfectant may decrease due to increased residence time that allows for more 
oxidant demand to be exerted. Excessive storage time in elevated storage tanks can produce the 
same effect. Low disinfectant residual at longer residence times, especially in dead-end mains, 
has been noted to lead to regrowth (LeChevallier et al. 1996a; LeChevallier et al. 1987). 



Densities of bacteria in the water reportedly reached 1 o6 bacteria per mL at the dead ends in a 
New Jersey city system (LeChevallier et al. 1987). 

The relationship between hydraulic conditions and bacterial regrowth is still not well understood. 
Changes in water demand directly affect water velocity but the relationship to bacterial 
attachment and growth is complex as evidenced by the differences in research conclusions 
(Donlan and Pipes 1988; Percival et al. 1998). High demand and thus high velocity can increase 
shear stress on attached growth leading to detachment (Powell and Slater 1982) although a 
higher disinfectant concentration in the bulk water produces a counteracting affect. 

Temperature influences treatment plant efficiency, microbial growth rate, disinfection efficiency, 
dissipation of disinfectant residuals and corrosion rates. In general, the occurrence and density 
of coliform bacteria has been found to increase in water at temperatures above 15' C. For 
example, LeChevallier et al. (1 996b) examined 3 1 water systems in North America and found an 
18-fold increase in coliform occurrences in free-chlorinated systems when the water temperature 
changed from 0 to 5OC to >20°C. Using the Wilcox nonparametric test they also found a 
statistically significant difference between the occurrence of coliform bacteria between waters 
<1 S°C and >lS°C. Some studies have not shown a positive relationship between temperature 
and regrowth (Camper 1995). Other variables can confound the temperature effect. For 
instance, higher temperatures in summer are also often accompanied by increased nutrient levels 
and turbidities, which have been implicated in increasing regrowth events (Geldreich 1996). 
Additionally, some utilities have found high microbial activity at cold (4 O°C) temperature due 
to adaptation mechanisms (LeChevallier et al. 1996b). 

Nutrient status is also important. Carbon, nitrogen, and phosphorous in the approximate ratio of 
100: 10: 1 respectively are necessary for bacterial activity. Of the organic carbon, only the 
biodegradable fraction is important. Various experimental procedures are available to measure 
the biodegradable fraction, among these being the assimilable organic carbon (AOC) (APHA 
1995) and biodegradable dissolved organic carbon (BDOC) (Allgeier et al. 1996). BDOC is 
measured more easily than AOC. Batch samples of water are incubated for a specific time (e.g., 
5 days) with a source of attached growth on sand filter material from the water treatment plant. 
BDOC is the difference between the initial and final dissolved organic carbon. The BDOC can 
alternatively be measured in continuous flow bioreactors that consists of a packed bed of 
attached growth medium. BDOC is the difference between the feed and exit concentrations of 
organic carbon. The reactor can be installed at water treatment plants to provide on-line 
monitoring of BDOC (Volk and LeChevallier 2000). 

Research on regrowth in the late 1980's and early 1990's focused on use of AOC as a surrogate 
for the biodegradable organic matter in distribution systems. AOC was correlated with regrowth 
of heterotrophic bacteria including coliforms (Van der Kooij 1992; LeChevallier et al. 1987: 
LeChevallier et al. 1996a). Various maximum values of AOC have been suggested to control 
regrowth. Van der Kooij and Hijnen (1 990) suggested 10 pg/L C-acetate for biological stability 
but a later paper from the same research group (Van der Kooij et al. 1992) determined that 
heterotrophic bacteria could be kept to acceptable levels if the AOC was less than 50 pg C/L and 
this latter value has been more widely adopted. AOC was noted by LeChevallier et al. (1987) to 
decrease throughout the distribution system, possibly due to its utilization by biofilm organisms. 
In the 18-month survey of 3 1 water systems in North America, LeChevallier et al. (1996a) found 



that systems with persistent colifonn problems had some of the highest AOC levels. The 
geometric mean of AOC levels in systems that maintained free-chlorine residuals of N . 0  mg/L 
at dead-end sites was 13 1 pg/L, while systems that maintained low free-chlorine residuals (0 to 
0.2 mg/L) had AOC levels of 72 pg/L. It was hypothesized that higher chlorine concentrations 
were associated with higher AOC due to conversion of non-biodegradable to assimilable organic 
carbon by chemical oxidation. 

Volk and LeChevallier (2000) used a decision tree approach to relate colifom occurrence to 
temperature, disinfectant residual and AOC with data available fiom 95 finished waters across 
the U.S. They defined "threshold values" of these parameters above which coliform occur more 
commonly. Seventy percent of the positive coliform samples were recorded when two of the 
three threshold values were exceeded. The threshold values for temperature, disinfectant 
residual and AOC were: >15'C; <0.5 mg/L; and >I00 pg/L. 

BDOC has been shown to be significantly, albeit not strongly, correlated with AOC in two large 
surveys of distribution systems in the U.S. (Kaplan et al. 1994; Volk and LeChevallier 2000). 
However, neither survey included a correlation of BDOC with regrowth. In general, BDOC 
values in both surveys were about three to five times larger than AOC values for the same 
sample. The authors explain that BDOC includes a wider range of biodegrability of organic 
matter components whereas the AOC includes only those that are more rapidly biodegraded. 
This is reasonable because the substrate for bacterial growth in the AOC test is acetate-C, which 
is relatively easy to biodegrade. In the same context, Servais, et al. (1993) suggested that 
biological stability can be achieved if the BDOC is below 150 pg/L (0.15 mg/L) while as noted 
earlier, the maximum value for AOC has been considered much lower (50 pg/L). 

PREVIOUS NC WRRI SPONSORED RESEARCH 

Our previous WRRI Urban Water Consortium project ended in August 1998 (DiGiano et al. 
2000). It dealt with regrowth problems in the Durham and Raleigh distribution systems. These 
two cities were selected specifically because they employ the two most common alternatives for 
disinfection (fi-ee chlorine at Durham and monochloramine at Raleigh). A direct comparison of 
disinfectant strategies is especially important in North Carolina because many water utilities, 
including Durham, are interested in switching from chlorine to monochloramine in order to meet 
new EPA regulations related to reduction of chlorine disinfection byproducts. 

The effect of disinfectant strategy on regrowth was isolated fairly well in these two cities 
because other important factors were considered to be similar. First, the watersheds are in close 
proximity to one another and land use is similar; thus, the chemical characteristics of both raw 
waters are similar. Second, the treatment plants in both cities use conventional water treatment 
thus producing finished water with similar chemical characteristics. Both finished waters would 
be considered to have a fairly high level of TOC and thus have a potentially high level of AOC 
for regrowth. Although the Raleigh distribution system serves more customers, the range of age 
of pipes, pipe materials, and residence time of water are similar as well. 

Samples of finished water and water at 10 stations within the distributions system were taken 
at monthly intervals over 15 months. This resulted in about 160 measurements of each chemical 
and microbial parameter considered important in assessing the bacterial regrowth problem. The 



average AOC was found to be high enough to support bacterial regrowth if the disinfectant 
residual concentration was low yet still well above the detection limit of 0.2 m g L  of chlorine. 
Maintenance of sufficient disinfectant residual depends on control of oxidant demand but this 
could strongly depend on minimizing corrosion within the system. 

The importance of good control over dosing of ammonia at the water treatment plant when 
practicing chloramination was shown in the Raleigh system. For two monthly samples, 
ammonia in excess of 1 mglL was measured in the finished water leaving the water treatment 
plant. This was probably caused by problems in control of the ammonia feed system. 
Nitrification was very evident on these occasions and this led to a decrease in chloramine 
residual caused by chemical reduction by nitrite, the intermediate in the nitrification process. 

The effectiveness of two common control strategies for regrowth was investigated. In Durham, a 
flushing program is used primarily to solve customer complaints of water discoloration due to 
manganese or iron; the effect on HPC is not usually measured. Only one flushing program was 
included in this study and thus it is difficult to draw firm conclusions. For this one event, 
however, the decrease in HPC was only temporary. In Raleigh, the disinfectant is switched 
annually for the month of March from chloramine to chlorine. While HPC decreased somewhat 
during March at most of the 10 stations, it increased again in April to the values found before the 
switch. 

A simple, non-linear regression model (multiplicative power law model) revealed that the most 
important factor affecting HPC was disinfectant residual. Temperature, AOC and pH were 
shown to be statistically significant but they were far less important than the disinfectant 
concentration. We concluded that a more powerful statistical approach combined with more 
frequent data collection at more sampling sites may yield better results from regression modeling 
but at considerable expense. 

A unique aspect of the research was development of an experimental apparatus and analytical 
procedures to measure the attachment of bacteria under a variety of conditions within the 
distribution system. A comparison was made of attachment to cast iron, ductile iron and glass 
during exposure to low and high concentrations of chlorine and chloramine. Significant bacterial 
numbers were attached in the presence of fairly high chloramine concentrations showing the 
protective nature of the surface; longer exposure produced more attached bacteria. However, ten 
times more were attached in the absence of chloramine suggesting that more bacteria would be 
released as well. The advantage of tuberculated surfaces for bacterial growth is only evident 
when the disinfectant residual is present. More important, attached growth existed even when 
the bulk-water disinfectant concentration was high; this was true for both chloramine and 
chlorine residuals. 

EXISTING MECHANISTIC BACTERIAL REGROVVTH MODELS 

The alternative to a statistically-based model of regrowth as described above is a 
mechanistically-based model. However, the drawback to mechanistic models is imperfect 
knowledge of the many physical, chemical and biological factors that determine bacterial 
regrowth. Despite this deficiency, the first generation of mechanistic water quality models has 
recently been put forth as a tool to assess variability in regrowth and take corrective actions. The 



three mechanistic models are SANCHO, PICCOBIO, and BAM; their features will be discussed 
below. 

SANCHO 

In 1994, Servais and his co-workers (Servais, et al. 1994) developed the SANCHO model to 
describe bacterial growth and substrate utilization in oligotrophic environments. It is an 
adaptation of the CHABROL model, which predicts BDOC removal as well as fixed and 
suspended bacteria in a biological activated carbon filter. SANCHO calculates the concentration 
of chlorine, BDOC, and the fixed and fiee bacteria as a function of water age. Parameter values 
in SANCHO were determined from laboratory experiments. SANCHO has been tested with data 
from several French and Canadian full-scale distribution systems containing different 
concentrations of BDOC and disinfectant in the finished water (Laurent et al. 1997). 

SANCHO suffers three major drawbacks. First, the process descriptions of growth, attachment, 
detachment and inactivation of bacteria are not linked with a hydraulic model. Instead, a 
separate hydraulic model must first be run toetermine the residence time at each location of 
interest under some steady state conditions. Then these hydraulic results are used as inputs to run 
SANCHO. As a result, the model does not provide a dynamic prediction of bacterial growth 
according to the variations in water velocity and water quality changes entering the distribution 
system in time. Second, a total of 19 input parameters must be specified. A statistical sensitivity 
analysis of SANCHO has recently been completed (Cigana, et al. 1997). Of the 19 input . 
parameters, only five (bacterial mortality; maximum capacity for bacterial fixation; bacterial 
yield; initial substrate concentration; and maximum uptake rate of substrate) have been shown to 
strongly influence prediction of fiee bacteria in the bulk water. Third, SANCHO is a proprietary 
product. Thus, the model is expensive to purchase by water utilities, and running the model 
would probably require consultation with the developers. Moreover, the mechanistic 
descriptions within the model cannot be changed by the user as new knowledge becomes 
available. Although testing of the SANCHO model has been limited, the correlation between 
calculated values from the model and data measured in one field study was 0.91 for chlorine 
residual, 0.88 for BDOC, and 0.83 for free bacteria (Laurent et al. 1997). 

A very similar model was described by Bois, et al. (1 997). The advance was parameter 
estimation by a link to statistical description of experimental errors using Bayesian statistics. 
This was the first acknowledgement that uncertainty in system constants must be considered. 
The analysis, however, was limited to calibration of the model with pilot experiment data in 
order to select the best combination of input parameters. 

PICCOBIO 

PICCOBIO is another proprietary model that takes into account the major parameters such as 
BDOC, temperature, residual chlorine, pH and the hydraulic conditions of each pipe. 
PICCOBIO offers the advantage over SANCHO of coupling with the hydraulic network model 
(Dukan et al. 1996) so that a dynamic model is produced. That is, the concentration of any 
species is a function of time and location within the distribution system. The fundamental 



assumptions of the PICCOBIO model are: one-dimensional plug-flow behavior; no axial or 
radial diffusion; perfect mixing at the nodes; and conservation of mass and energy. These 
assumptions are common in most water quality models. The mathematical descriptions of 
processes are more complicated than in SANCHO, which increases the number of parameters to 
be specified. Of particular note, a biofilm with considerable thickness is assumed in PICCOBIO 
and this leads to specification of a chlorinated and non-chlorinated depth that is dependent upon 
the diffusivity of each form of chlorine. Although thick biofilms may not exist, the concept of 
two layer model may not be unrealistic if one of the layersis is inorganic matter (e.g., on the cast 
iron surface) into which is imbedded another "layer" of a few bacterial cells. The inorganic 
matter could serve as reaction/difision impediment to a disinfectant. 

BAM 

The Biofilm Accumulation Model (BAM) was developed by the Center for Biofilm Engineering 
at Montana State University (Camper 1996). BAM simulates the evolution of a mixed-culture 
biofilm system within a single pipe. It is a modified version of a traditional biofilm modeling 
program (BIOSIM) developed for water and wastewater treatment processes at the Swiss Federal 
Institute for Water Resources and Water Pollution. 

A plug flow reactor is simulated by connecting several BIOSIM units in series. BAM employs a 
database format, such that the user can specify many input and system control parameters. The 
geometry of each unit (e.g. biofilm surface area, unit volume), the rate kinetics of the chemical 
(substrate and biocide) and particulate species, and the detachment formula, are all examples of 
the required input parameters. 

BAM was used to simulate the formation and performance of a biofilm on the wall of a drinking 
water pipeline. This model has not yet been linked with a hydraulic model and therefore, it is not 
able to model a distribution system network. Simulations obtained with BAM indicated that the 
concentration of HPC in the bulk fluid follows a very similar pattern to the development of 
biofilm. Sensitivity analysis and verification with experiment data are needed before BAM can 
be widely applied. 

In summary, bacterial regrowth models are in their infancy. The distribution system 
environment offers a unique challenge for mechanistic description because the distribution 
system acts as a complex "reactor" in which substrates, nutrients, bacteria and disinfectant are 
present together. The interactions among these constituents are still poorly understood. 



EXPERIMENTAL METHODS 

DESCRIPTION OF THE TWO DISTRIBUTION SYSTEMS 

Durham draws its water from two impounded sources: Lake Michie and Little River Lake. The 
system serves over 150,000 people through a distribution system that is approximately 900 miles 
in length and of which over 40% is estimated to be unlined cast iron. The two water supplies can 
be blended and fed to Williams Water Treatment Plant (WTP) and the Brown WTP. Both use 
conventional water treatment consisting of either alum or ferric chloride coagulation (choice of 
coagulant is currently under investigation), sedimentation and filtration. Free chlorine is added 
just above the filters. Before entering the distribution system, the water is fluoridated, an 
orthophosphate-containing corrosion control agent is added (0.2 mg/L P in winter and 0.4 mg/L 
P in summer) and pH is adjusted to about 7.1. 

Raleigh withdraws water from the Falls Lake Reservoir which is an impoundment of the Neuse 
River in the watershed adjacent to Durham. This system serves over 250,000 people through a 
distribution system of approximately 970 miles, about 25% of which is estimated be unlined cast 
iron. The E. M Johnson WTP uses the same conventional treatment scheme as Durham; the 
coagulant is ferric sulfate. Chlorine is added above the filters. Finished water is stored in a clear 
well for 8 hours after which ammonia is added to form combined chlorine before pumping to the 
system. The term combined chlorine refers to the formation of chloramines of which the major 
species at this pH is monochloramine. The disinfectant is switched to free chlorine for the month 
of March. A corrosion control agent containing both silica and phosphorus is added in Raleigh 
in contrast to a phosphorus-based agent in Durham.. 

SAMPLING SITES 

The same ten sampling sites that were used in a previous project were continued in this new 
project to obtain a representative range of disinfectant residuals. They had been selected in 
consultation with city staff. The goal was to use the existing data base of disinfectant residuals 
in order to include sites that would represent low, medium and high residuals and that were well 
distributed spatially in each city. Finished water was also sampled at the Williams WTP in 
Durham and the E. M. Johnson WTP in Raleigh. Although the Durham system is supplied by 
water from the Brown and Williams WTP, the historical records show that finished water quality 
is about the same as measured by the parameters of interest (George Carter, Superintendant, 
Water Supply and Treatment, City of Durham, N.C. pers. com., September 14,2000); for 
convenience, finished water sampling was taken only at the Williams WTP. Site descriptions are 
listed in Table 1 (Durham) and Table 2 (Raleigh) and their locations are shown in Figure 3 
(Durham) and Figure 4 (Raleigh). 

The sites were sampled monthly by city personnel from October 1998 to August 1999. Field \ 

measurements included temperature, pH, and disinfectant residual. Samples also were 
transported on ice to the University of North Carolina laboratory where they were prepared for 
subsequent analyses of heterotrophic plate count (HPC), chlorine (or chloramine) residual, 
chlorine (or chloramine) demand, total organic carbon (TOC), and biodegradable dissolved 



Table 1. Sampling sites in the Durham distribution system 

Station Sampling Site Address Designation 
Code 

1 Williams Water Treatment Plant finished 

2 University Shell, 34 14 Hillsborough Rd. W20 

3 Tommy's Mini Mart, 1 832 Cole Mill Rd. W30 

4 Lighthouse Grocery, 5300 North Roxboro Rd. N50 

5 Machine Tool N60 

6 Chewning Middle School, 68 19 Red Nil1 Rd. 2 

7 Elliot's Auto Salvage, 10 10 Harvest 5 

8 M&M Minimart, Angier + Guthrie St. A1 

9 Arnoco Food Shop, 10 1 East Comwallis Rd. S30 

10 Beasley Residence, Rolling Pine Rd. + Drewery St. C1 

11 US EPA, Highway 54 & ~lexander  Dr. S70 

Table 2. Sampling sites in the Raleigh distribution system 

Station Sampling Site Address Designation Code 

1 EM Johnson Water Treatment Plant finished 

2 220 South Dawson Street 

3 13 South East Street 

4 2601 Fairview Road 

5 4465 Six Forks Road 

6 2925 Glenridge Road 

7 4220 Lake Boone Trail 

8 4601 Pleasant Vally Road 

9 8200 Morgan's Way 

10 4209 Spring Forest Road 

11 172 1 Trailwood Drive 

organic carbon (BDOC). Sampling dates and the disinfectant concentrations in the finished 
water, as measured in the University of North Carolina laboratory, are given in Table 3. 
Laboratory instead of field measurements of disinfectant concentrations will be reported 
throughout to eliminate variability in data caused by different analysts in the field. This was 
especially of concern in Raleigh where the distinction between free and combined chlorine 
measurements in the field was inconsistent on occasion. 



Figure 3. Locations of ten sampling stations in Durham distribution system 



rn 
EhU Water Plant 

Figure 4. Locations of ten sampling stations in Raleigh distribution system 



Table 3. Sampling date and finished water disinfectant conditions 
Durham 

Date Disinfectant 
finished water disinfectant 
concentration 

type ( m d u  

Raleigh 
Date Disinfectant 

finished water 

Free Chlorine 

Free Chlorine 

Free Chlorine 

Free Chlorine 

Free Chlorine 

Free Chlorine 

Free Chlorine 

Free Chlorine 

Free Chlorine 

Free Chlorine 

Free Chlorine 

Chloramine 

C hloramine 

Chloramine 

Chloramine 

Chloramine 

Free Chlorine 

Chloramine 

Chloramine 

Chloramine 

Chloramine 

Chloramine 

ANALYTICAL METHODS 

The heterotrophic plate count (HPC) of samples was determined by the pour plate technique with 
R2A agar (DifcoTM) with 1-mL aliquots. Sterilized bottles were used for sample collection. Each 
contained 1 mL of a 10 percent sodium thiosulfate solution to remove residual chlorine or 
chloramine. Upon return from the field, these bottles were incubated immediately (duplicate 
plates of four serial dilutions) upon receipt in the laboratory at 28OC for 7 days. The colonies 
were counted, averaged, and reported as colony forming unit per mL (cWmL). 

Our previous project (DiGiano el al. 2000) used 100 mL samples instead of 1 mL samples and 
the membrane filter method for HPC analysis because it had been anticipated that large sample 
volumes would be needed to yield sufficient bacterial counts. However, smaller volumes proved 
to be adequate. Hence the membrane filter method was abandoned in favor of the pour plate 
method, which was far less labor intensive. In addition, the North Carolina regulatory agency 
recommends the pour plate technique for HPC determination. The medium (R2A agar) and 
incubation conditions remained the same between the two studies. No significant difference was 
observed between HPC by the pour plate and membrane filter methods (Melissa Wood, graduate 
research assistant, University of North Carolina, pers. com., September 6,2000) although a 
lower value by pour plate has been suggested by others due to heat shock of the organisms upon 
contact with hot agar. 

Chlorine and combined chlorine residual were measured using a HachTM DR 2000 with the 
HachTM DPD colorimetric method. Throughout this report, the terminology for combined 



chlorine will be chloramine, keeping in mind that monochloramine is the principle form of 
combine chlorine that was present. 

Total coliform testing at the sampling sites in Durham and Raleigh was added by the laboratory 
staff at each the water utility to their normal monitoring program for the distribution system. 
Durham uses the membrane filtration technique and Raleigh, the Colilert technique. 

Chlorine and chloramine demand was modified from the Standard Method 2350B as the 
difference between the initial value (measured upon receiving) and that after 48 hours, with the 
samples kept in 250 ml BODs bottles in the dark at room temperature (approximately 22OC). For 
samples received with a chlorine residual less than 0.5 mg/L, additional chlorine was added to 
reach about 1 mg/L before beginning the demand test to make sure that the residual was 
measurable after 48 hours. Only bulk-water disinfectant demand was measured in this research. 
Therefore, this measurement reflects the reaction of disinfectant with constituents of the water 
that either entered the distribution system in the finished water or were generated from reactions 
with the pipe wall, e.g., corrosion products. A standard protocol to determine wall disinfectant 
demand has not emerged in the literature. However, wall demand could be as much as ten times 
greater than bulk water demand (Rossman et al. 1999). 

The chlorine and chlorarnine decay rates were determined as part of the chlorine and chloramine 
demand tests. As in the previous study (DiGiano et al. 2000), the values for chlorine or 
chloramine concentrations at 0 and 48 hours were used to estimate a first-order decay rate 
constant. For one monthly sampling, aliquots were withdrawn at 48,72 and 124 hours. These 
extended sets of data showed the assumption of a first-order decay rate was reasonable. 

TOC analysis was performed with a Shimadzu TOC-5000 Analyzer. Samples were held at 4OC 
until analysis. TOC is reported because the samples were not filtered. This was justified on the 
basis of analysis of 10 samples from the Raleigh distribution system for which TOC and 
dissolved organic carbon (DOC) were equivalent as judged by the precision of the TOC analyzer 
(k0.2 mg/L). 

The BDOC technique was adapted from the method provided by Allgeier et al. (1996). The 
procedure depends upon colonization of bacteria on a support medium after which water samples 
are placed in contact with the medium for a fixed period. The decrease in DOC over the time 
period is referred to as the BDOC. In this research, the support medium was sand taken from a 
filter at the Brown WTP. The sand was placed into a column by personnel at the Brown WTP. 
Settled, unchlorinated water was passed through the column for several months to colonize the 
sand grains with bacteria. The sand was then shipped to the University of North Carolina 
(UNC). This volume'of sand was used throughout the research as the support medium for 
measurement of BDOC in samples taken from both the Durham and Raleigh distribution 
systems. In between arrival of monthly samples from the two cities (about a two-week period), 
the sand was kept submerged in water taken from the Durham distribution system. Prior to 
analysis by the TOC analyzer, the samples were filtered through 13 mrn-diameter, 0.45 pm 
Magna nylon filters (available through Fisher Scientific Company) that was placed into a, 5-mL 
syringe filter holder made of stainless steel (also available through Fisher Scientific Company); 
the resulting measurements were reported as DOC. The filters were soaked overnight prior to 
their use in organic-fiee water; the filters were handled only with tweezers. When filtering a 



sample, one or two syringe volumes were wasted before collecting the aliquot in a clean vial. A 
100-mL aliquot of each sample was dechlorinated with sodium thiosulfate and placed into a flask 
containing 50 mL of the sand. The flasks were shaken for 5 days, after which DOC was again 
measured. The BDOC is the difference between the initial and final DOC. 

The results from the initial months of BDOC measurements were suspect because of a lack of 
reproducibility between replicates. It was discovered that some user of the TOC analyzer had 
mistakenly used H3PO4 instead of HCl as the acid for stripping of inorganic carbon. The likely 
effect was deactivation of the catalyst that converts organic carbon to C02  in the furnace of the 
TOC analyzer. The catalyst was regenerated and only HCl was used in further tests. In 
December 1999, a series of BDOC tests was conducted with a known additive concentration. 
Sodium acetate CH3COONa.3H20 is an easily biodegradable carbon source. A stock solution 
of 400 mg/L of sodium acetate carbon was prepared; this solution was autoclaved to prevent 
biodegradation. Inorganic nutrients are needed to measure BDOC. The usual method would be 
to add a mix of essential inorganic nutrients into ultrapure water along with the organic substrate. 
However, in these experiments, a tap water sample was used as a way to also measure the 
reproducibility of the BDOC under actual sample conditions. This required addition of a control 
experiment to measure the BDOC of the drinking water sample before the addition of sodium 
acetate. The theoretical BDOC contributed by addition of sodium acetate was 1 mg/L. 

The results of the BDOC method testing are shown in Table 4. The mean of three replicates of 
tap water BDOC was 0.4 mglL and the standard deviation was 0.2 mg/L. Addition of 1 mg/L of 
sodium acetate carbon gave a mean of three replicates of 1.2 mg/L with a standard deviation of 
0.06 mg/L. The theoretical value of BDOC of the amended tap water sample should be 1.4 mglL 
given 1 mg/L BDOC added from sodium acetate carbon to the mean value of 0.4 mg/L in the tap 
water. The replication of BDOC among triplicates of tap water and among triplicates of tap 
water amended with sodium acetate was very good. Equally important, the data showed good 
agreement with the theoretical BDOC added from a known substrate. Given the difficulties with 
the initial months of BDOC measurements, only the field results from February to August 1999 
will be reported. 

Table 4. BDOC (mg/L) of tap water and tap water amended with 1 mg/L of sodium acetate 
(NaAc) carbon (data collected on 1211 3/99). DOCo is initial DOC (mg/L) in BDOC test bottle; 
DOC5 is DOC (mg/L) after five days in BDOC test bottle; three replicate tests 

Sample Replicate No. 1 Replicate No. 2 Replicate No. 3 

DOCo DOC5 BDOC DOCo DOC5 BDOC DOC0 DOC5 BDOC 

Tap 2.7 2.1 0.6 2.4 2.0 0.4 2.1 1.9 0.2 
Water 

50% 2.3 1.1 1.2 2.3 1.1 1.2 2.4 1.1 1.3 
NaAc + 
50% Tap 

Water 



ESTIMATION OF MEAN RESIDENCE TIME 

Water age is a specific parameter that is calculated in the hydraulic component of various 
network models of distribution systems. In simple terms, the time that each water parcel spends 
in the distribution system is computed by tracking the movement of water parcels through 
branches and loops of the network of pipes. The tracking is accomplished within a hydraulic 
model of the distribution system such as EPANET. Within each pipe section, the important 
factors to consider would be the water demand, water velocity and the length and diameter of the 
pipe. The hydraulic behavior of water storage tanks is also important because it determines the 
average residence time that must be added to time spent within the pipes. Water age will vary 
throughout the day in response to water demand and other operational factors. The response in 
the distribution system to a change in a conservative chemical concentration in the finished water 
can provide an alternative measure of water age. Instead of tracking individual water parcels, 
however, this method relies upon the mean residence time of a conservative constituent dissolved 
in the water. For example, if the fluoride feed is turned off at the WTP to produce a negative 
step input, then the fluoride concentration will decrease with time at each sampling point in the 
distribution system. The measured concentration is the average of all water parcels arriving at a 
given time. The longer the time that each water parcel takes to reach a sampling point from the 
WTP, the longer it will take for the fluoride concentration to decrease, i.e., the slower the 
response to the tracer input. 

The mean constituent residence time to each sampling station was determined by a tracer study 
in each city (Raleigh in October 1996 and Durham in April 1999). For the Raleigh system, the 
tracer study was conducted by turning off the fluoride feed pump to introduce a negative step 
input of fluoride (F-) wherein the F- concentration was decreased instantaneously to the 
background concentration at the WTP. The mean residence time at each sampling station was 
then determined using the tracer response curve ( F  concentration vs. time) in the same way as is 
done for analysis of mean residence time in reactors (Weber and DiGiano 1996). For a negative 
step input, the fraction of "new water" arriving at each station at time, t, represents the fraction of 
water elements younger than age, t, and this defines the traditional "F curve" used in tracer 
analysis: 

Where [FF'It is the fluoride concentration at any time, t, at the station, [FlOld is the original 
fluoride concentration before the fluoride pump was turned off, and [F'INew is the background 
fluoride concentration. At the start of the negative step input, [PIt = and F(t) =O. 
Eventually, [Felt = [F-INew and F(t) = 1. 

The mean residence time of water to any sampling point is given by: 



where t, is mean residence time. Because the tracer concentration at each location is usually 
measured at discrete times rather than continuously, Equation 2 is written as: 

where i is the counter for each sample water taken to measure the tracer, ti is the time fiom the 
beginning of the tracer study to the sampling time and A F, (t) is the corresponding fraction of 
new water that arrived between the present and last sampling times. Embedded in mean 
residence time is the effect of daily variations in water demand and other operational parameters. 

Determination of water residence time was more complicated in Durham because two WTPs 
deliver water to the distribution system. In this case, tracer studies were needed at both WTPs to 
estimate the percent contribution of each WTP to the water flow at the sampling station in order 
to obtain a flowrate-weighted average of the water residence time. 

The fluoride feed pump was turned off at the Brown WTP and the fluoride (F') concentration 
was reduced to background prior to April 15, 1999. A negative step input of fluoride began at 4 
pm on April 15, 1999, at the Williams WTP by turning off the fluoride feed; this provided a way 
to measure the residence time of water fiom the Williams WTP at each station. At 9 am on April 
15, 1999 the Brown WTP switched from FeC13 to (A1)2(S04)3 as the coagulant. This produced a 
negative step input in C1- and a positive step input in s 0 i 2 ,  both of which were used to measure 
the residence time of water from the Brown WTP at each station. 

The negative step input analysis was done using Equations 1 and 3 to find t, for water fiom the 
Williams WTP. The positive step input of soy2 gives the following definition of the F curve: 

Equation 4 is then used in Equation 3 to find t, for water from the Brown WTP. The overall 
mean residence time was then a weighted average of the age of water from each WTP. 

The percent contribution of water from each WTP at each station was determined by the 
resulting steady-state condition before the beginning of the tracer study. At this time, different 
coagulants were being used at each of the two WTPs : FeC13 at the Brown WTP and (A1)2(S04)3 
at the Williams WTP. By measuring the s0i2 and C1- concentrations at each station, it was 
possible to calculate the percent contribution of water fiom each WTP. These measurements 
were made on April 14, 1 999. 





RESULTS AND DISCUSSION 

ESTIMATION OF MEAN RESIDENCE TIME IN DURHAM SYSTEM 

Tracer Studv Data 

The concentrations of F-, and C1- in the finished water leaving the Williams WTP before 
and after turning off the fluoride feed (April 15 at 4 pm) are given in Figure 5. Concentrations of 
the same three species in the finished water leaving the Brown WTP before and after switching 
the coagulant from FeC13 to alum (April 15 at 9 am) are given in Figure 6. 

In order to use Equation 3 for calculation of mean residence time, the change in tracer 
concentration must be as close as possible to a sharp front (i.e., a step change) at the entry point 
of water into the distribution system. Inspection of Figures 5 and 6 shows this to be a reasonable 
assumption if the time scale of interest in the distribution system is days rather than hours. If the 
scale were hours in these figures, the deviation from a step change would become more obvious. 
A much more sophisticated mathematical technique than Equation 3 would be needed to 
calculate the mean residence time from tracer data collected at each station if the step change 
assumption was not used. However, as an approximation, it was decided to treat the data as 
though a step input of tracer had occurred and use Equation 3 rather than develop a special 
mathematical technique to improve the accuracy of the calculation. 
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Figure 5. Tracer concentrations in the finished water of the Williams WTP 
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Figure 6. Tracer concentrations in the finished water at the Brown WTP 

The concentrations of  SO^‘^, C1' and F- at each station before and after the start of the tracer test 
are given in Figures 7- 16. With the exception of Station W30 (Figure 16), the response curves 
show relatively smooth changes in tracer concentration that reflected the change in either the 
fluoride concentration or the shift in coagulant at each WTP. This pattern would suggest that the 
percent contribution fiom each WTP at each station remained about the same over the 7 days of 
observation. In fact, the percent contributions fiom each WTP were calculated before the tracer 
study and after the tracers had reached steady state concentrations (7 days after the step changes). 
These were nearly the same, implying that the percent contributions were about the same 
throughout the intervening time period. For these stations, a mean residence time that was 
weighted according to the percent contribution of flow from each WTP could be calculated. 
However, the response at Station W30 was not a smooth transition to new concentrations as 
would be true if the percent contribution fiom each WTP remained constant. In particular, the F' 
concentration data indicate that the water originated from the Brown WTP (background F-) 
before the tracer study. However, the source of water during the tracer study appeared to be the 
Williams WTP as judged by the typical response to a negative step input of F' where the 
concentration decreases with time. Because of the apparent switch in source water during the 
tracer study, it was impossible to use these data to calculate either percent contribution for each 
source or the weighted mean residence time. Instead, the data for chlorine and chlorine decay 
rate from our previous study was used to estimate mean residence time. 
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Figure 9. Tracer responses at Station A1 
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Figure 10. Tracer responses at Station C 1 
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Figure 1 1. Tracer responses at Station N50 
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Figure 12. Tracer responses at Station N60 
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Calculation of Weighted Mean Residence Time 

The weighted mean residence time from each WTP was calculated according to the percent 
contribution of water from the two plants and the mean residence time of each of these sources. 
The calculation of percent contribution is shown in Table 5. Here are shown the concentrations 
of C1- and at each station during the steady state period prior to the tracer study (April 14, 
1999). At this time, FeC13 was the coagulant at the Brown WTP and A12(S04)3 was the 
coagulant the Williams WTP. The percent contribution of water from each WTP was 
determined by three different methods: 

If calculated by fluoride tracer: 

L- J~itrished Williunu~~~ P L- 'Finished Brown WTP 

% Brown WTP = 100% - % Williams WTP 

If calculated by sulfate tracer: 

[so-'] -[so-'] 
% Williams WTP = - _ 4 S/u/iom 4 _ Finished Browti WIJ 

- [SO: linislred l h w n  W T I J  

% Brown WTP = 100% - % Williams WTP 

If calculated by chloride tracer: 

% Williams WTP = 100% - % Brown WTP 

[cz-] - [ e l - ]  
% Brown WTP = S/u/iori fiished Williartrs WTP x l 0 0  

Fez - 1 Finished Brown W7?' 
- [cz -1 

Finished Williattrs WTP 

The weighted average of mean residence time was calculated as follows. Suppose at given 
station that 70% of water is from Williams WTP and 30% is from the Brown WTP. The F- 
concentration data at that station in response to the negative step input in the fluoride tracer 
allows calculation (using Equations 1 and 3) of the mean residence time for water arriving from 
the Williams WTP. Similarly, the s0i2 and C1- concentration data can be used to calculate the 
mean residence time of water arriving fiom the Brown WTP. If the mean residence time is 25 
hours for water from the Brown WTP and 40 hours for water fiom the Williams WTP, then the 
mean residence time for this sampling station is: 

weighted mean residence time = 25 (hrs) x 70% + 40 (hrs) x 30% = 29.5 (hrs) (1 1) 





The weighted mean residence time at each sampling station is given in Table 6. 

Table 6. Estimates of mean residence time for stations in the Durham distribution system 
Sample Station Hydrant % Contribution Mean Residence time 

Code (Hours) 
Williams WTP Brown WTP 

Lighthouse 

Shell 

Amoco 

EPA 

Machine Tool 

Tommie's 

Angier-Guthrie 

RollingPineIDrewy 

Elliots 

Chewning 

Comparison of Mean residence time Estimations (Tracer vs. Chlorine Data) 

In our previous project, it was noted that the City of Durham had not yet undertaken a fluoride 
tracer study of the distribution system. The alternative of a hydraulic model with which to 
calculate water residence time at each sampling station was also not available. Although crude, 
it was decided to estimate residence time by a first-order fit to chlorine bulk demand data so as to 
include residence time in statistical analysis of regrowth in both the Durham and Raleigh 
distribution systems. The residence time was calculated by: 

where t is the estimated time of water in the distribution system travelling to a given station, C is 
the chlorine concentration measured at that station, C, is the chlorine concentration entering the 
distribution system and k is the first-order decay rate constant determined in the laboratory from 
bulk water samples. The average value from 15-monthly samples are given in Table 7 (DiGiano 
et al. 2000). 



Table 7. Mean residence time at stations in Durham distribution system based on bulk chlorine 
decay rates and chlorine residual measurements 

Station I N50 W20 S30 S70 N60 W30 A1 C1 5 2 

Estimation of mean residence time using chlorine decay kinetics has several shortcomings. First, 
chlorine decay due to pipe wall reactions has not been included because the rate of chlorine 
decay was measured only with bulk-water samples. Second, k was found to vary among stations 
on each sampling date which means that the first-order model is not appropriate. Third, the 
method caused strong collinearity between the mean residence time and chlorine residual 
because that complicated analysis of the data (see Equation 8). Fourth, the actual values of water 
residence time may be expected to be lower because the k value is underestimated by not 
including wall demand. Nonetheless, this method was the only option in the previous study 
(DiGiano et al. 2000) to obtain at least a rough estimate of the residence time, a parameter that is 
vital in understanding the regrowth problem. 

The mean residence time calculations based on tracer data and on measurements of chlorine 
residual- demand (DiGiano et al. 2000) were compared. As shown in Figure 17, the results are 
in only fair agreement. Exact correspondence would result in a 1 : 1 slope of the data as plotted 
Figure 17. Nevertheless, it is very difficult to make firm conclusions about the extent of 
agreement between the two methods because: 

Mean residence time depends on water demand but this varies daily and seasonally. The 
mean residence time calculated by the chlorine residual-chlorine decay rate method was the 
result of averaging the first-order rate constant for chlorine decay over the 10 stations for a 
given sampling day and then averaging the mean residence time at each station for the 17 
months of sampling. In contrast, the tracer study was conducted over a period of about one 
week (April 15-22, 1999). 

At least one large main was added to the distribution system between the measurements by 
the two methods. Thus, the change in hydraulic condition could have altered the mean 
residence time. 

The first-order rate constant for chlorine decay included only bulk water reactions and not 
those occurring with surface of the pipe. If the rate constant, k, in Equation 8 were increased 
by wall reactions, the estimate of mean residence time would decrease. This would lessen 
the agreement with the tracer results. 
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Figure 17. Comparison of mean residence time calculated from tracer study and from chlorine 
residual-chlorine decay rate data 

Previous Estimate of Mean residence Time in Raleigh System 

For the Raleigh system, available fluoride tracer data was used to estimate residence time at each 
sampling station. The details of the data analysis were provided in an earlier report (DiGiano et 
al. 2000). The resulting mean residence times are listed in Table 8. 

The sample locations had residence times that ranged from 8 to 394 hours. With the exception of 
stations FS20 and FS 6, the mean residence time was 61 hours or less. FS6 was particularly 
noteworthy because the residence time was very long (394 hours) compared to all other locations 
in Raleigh. Residence times will depend upon the demand pattern and hydraulic operation of the 
system, e.g., the operating rules for emptying and filling of storage tanks throughout the system. 

Table 8. Mean residence time at stations in Raleigh distribution system based on fluoride 
tracer test in October 1996 

-- 

Station 1 ~ ~ 1 1  FS19 FS17 FS14 FS9 FSl FS3 FS18 FS20 FS6 



They cannot be assumed to remain the same throughout the year or from year to year. In fact, 
the daily variation is also significant for those locations with mean residence times less than 24 
hours. Therefore, the residence times in Table 8 must not be overinterpreted. These 
measurements were made in October 1996 but the water quality data reported herein are for the 
period of October 1998 to August 1999. 

SUMMARY OF WATER QUALITY SURVEY 

Finished Water Qualitv 

All finished water quality values in Durham were taken at the Williams WTP and those in 
Raleigh at the E. M. Johnson WTP. The average values of the water quality parameters for 11 
monthly samples of finished water before entering the distribution system are listed in Table 9. 
The average concentration of chlorine in Durham is much lower than the combined chlorine 
(chloramine) in Raleigh (1.8 mg/L vs. 3.8 mg/L). This was expected because chloramine is a 
less effective disinfectant than chlorine and these values are in agreement with the previous 17 
months of data (DiGiano et al. 2000). The TOC and BDOC were somewhat higher in Durham 
than in Raleigh (2.8 mg/L TOC vs. 2.2 mg/L TOC and 0.6 mg/L vs. 0.4 mg/L BDOC); the TOC 
data were in general agreement with the previous 15 months of data (DiGiano et al. 2000). 
There is insufficient information on raw water quality and treatment effectiveness to speculate 
about the cause of the relatively small differences in organic matter between the two cities. The 
BDOC is only a small fraction of the TOC in both the Durham and Raleigh finished waters. This 
has been commonly observed in other studies (Gagnon and Huck 1996) and is consistent with 
the comparison of TOC and AOC in our previous study of these two systems (DiGiano et al. 
2000). Although the HPC was somewhat higher entering the Durham system than the Raleigh 
system (7.2 cfu/mL vs. < 1 cfidmL), it was skewed higher by one value (42 cfidmL) on 3/17/99. 

Free chlorine and BDOC in the finished water showed little temporal variation in Durham 
(Figure 18) while water temperature showed the typical seasonal variability. Bacterial 
inactivation remained very effective despite the variabiity in temperature (Figure 19). A similar 
conclusion is reached for the Raleigh system in terms of combined chlorine and BDOC (Figure 
20) and the temperature and HPC (Figure 21) of the finished water. The low concentration of 
chlorine in March 1999 is due to the annual switch from combined- to free chlorine. 

Table 9. Average values of 11 monthly water quality measurements for finished water entering 
the Durham and Raleigh distribution systems - 

Temperature Disinfectant TOC Location BDOC HPC(R2A) 
(OC) (mg/L as C12) (mg/L) (mglL) (no./ml) 

Durham 

Williams WTP 

1.8 
17 2.8 

(free chlorine) 

Raleigh 3.8 
19 (combined 2.2 0.4 0.9 

E. M. Johnson WTP 
chlorine) 



-+Durham C12 -Durham BDOC 

Figure 18. Temporal variability of free chlorine and BDOC concentrations in Durham finished 
water (Williams WTP) during sampling period 

*Durham Water Temperature +Durham HPC(R2A) 

0-98 D-98 F-99 A-9 9 J-99 A-99 
Sampling Date 

Figure 19. Temporal variability in temperature and HPC in the Durham finished water quality 
(Williams WTP) during sampling period 



+Raleigh C12 +Raleigh BDOC 

Figure 20. Temporal variability of chlorine (combined except for March) and BDOC 
concentrations in the Raleigh finished water (E. M. Johnson WTP) during the sampling period 

.-keIRaleigh Water Temperature +Raleigh HPC(R2A) 

0 ) I I I I 

0-98 D-98 F-99 A-99 J-99 A-9 9 
Sampling Date 

Figure 2 1. Temporal variability in temperature and HPC in the Raleigh finished water (E. M. 
Johnson WTP) during the sampling period 

Temporal and Spatial Variability of Water Quality in Durham Distribution System 

Table 10 is a summary of key water quality parameters measured in the Durham distribution 
system. Each of these parameters will be discussed in detail in subsequent sections. It suffices 
to note that bacterial regrowth, as measured by the HPC, occurred but the extent depended upon 
location. 



Table 10. Summary of key water quality parameters from the 10 sampling stations in the 
Durham distribution system 

Parameter Mean Standard. Maximum. Minimum 
Deviation 

HPC-R2A (cfu/mL) 6,400 25,000 162,000 1 

Chlorine Residual (mg/L) 0.9 0.5 1.9 0.0 

Chlorine demand (mg/L) 0.6 0.3 1.6 0.2 

BDOC (mg/L) 0.4 0.2 1 .O 0.0 

TOC (mg/L) 2.5 0.5 3.8 1.7 

Tem~erature (OC) 18.9 6.1 32.0 8.0 

The temporal and spatial variability in chlorine concentration in the Durham distribution system 
is shown in Figure 22. The box height represents the mean plus one standard deviation and the 
mean minus one standard deviation. The short horizontal lines represents the maximum and 
minimum observations. The stations are presented in order of increasing mean residence time. 
In the case of Durham, residence time was estimated from the tracer study of April 1999. The 
figure shows that a decay of free chlorine concentration occurred from 2.0 mg/L to <0.1 m g L  
within the distribution system. Low chlorine residuals were observed at Stations 5 and W30. All 
but Station 5 would be characterized by the tracer study as having relatively high mean residence 
time (89-254 hours). These stations also would be characterized by our estimating procedure as 
having relatively long mean residence time (92-2 12 hours). The maximum and minimum values 
of free chlorine at each station indicate that not only is the chlorine residual variable with mean 
residence time within the distribution system but as important, with time at each station. 

A trend was observed toward lower chlorine residual at longer mean residence time as should be 
expected. However, chlorine residual at Station N50, which is estimated to have a relatively 
short mean residence time, nonetheless showed large variability with one value being less than 
0.4 mgL. 

The effect of a flushing program in March 1999 in the general area of stations W30, 5 and 2 is 
shown in Table 1 1. The chlorine concentration increased to about 1 m g L  (Figure 18 shows that 
the chlorine concentration in the finished water did not increase during this same period). In 
contrast to our previous observation of the lack of effectiveness of flushing in Durham in 1998, 
the chlorine concentration remained high even one month after the flushing program. 

The disinfectant demand reported here represents the sum of all possible bulk-water oxidation 
reactions that occurred within a 48-hour period . These data were used to determine variation in 
demand and demand rate (according to a first-order decay model) throughout each distribution 
system. 
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finished N50 W20 A1 5 C1 S30 S70 N60 W30 2 

Sampling Station(in the order of water residence time) 

Figure 22. Temporal and spatial variability of free chlorine in the Durham distribution system 
(10198 - 8/99) 

Table 1 1. Chlorine concentrations (mg/L) at three stations in Durham before 
(211 5/99) and after (3117199 and 4/6/99) flushing program 

Station Sampling Date 

NA = not available 

Figure 23 captures the temporal and spatial variability in 48-hour chlorine demand in the 
Durham distribution system. Chlorine demand ranged from 0.3 to 0.8 mg/L. The demand is 
almost the same at the farthest point in the distribution system as in the water entering the 
distribution system. No substantial decrease in chlorine demand with mean residence time was 
observed as would be true if the demand originated from the organic and inorganic substances in 
the finished water entering the distribution system from the water treatment plant. These results 
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finished N50 W20 A1 5 C1 S30 S70 N60 W30 2 

Sampling Station(in the order of water residence time) 

Figure 23. Temporal and spatial variability of 48-hour chlorine demand in the Durham 
distribution system (1 0198 - 8/99) 

continue to suggest that the generation of chlorine demand within the distribution system is 
possibly due to the inorganic reactions with products of corrosion at the pipe surface rather than 
in bulk water. In fact, the large decrease in chlorine residual at Station 2 would not be expected 
fiom the chlorine demand data measured with bulk water samples. Thus, the inference is that 
wall demand is important. 

As is demonstrated in Table 12, the flushing program decreased the chlorine demand 
substantially. During this same period, the finished water quality remained about the same as 
shown in Figures 18 and 19. A decrease in chlorine demand is consistent with the increase in 
chlorine residual and the idea that flushing would remove corrosion products from the bulk water 
and pipe walls. 

The temporal and spatial variability in TOC concentrations in the Durham distribution system is 
shown in Figure 24. The average value was about 3 mglL although a few rather high TOC 
concentrations (4.0 to 4.5 mglL) were measured. It should be noted that the average TOC in the 
finished water was about 2.8 m g L  These few high TOC values might have been caused by 
analysis error due to problems in calibration of the TOC analyzer. Only a small fraction of the 
TOC is available for biodegradation. This is apparent by comparison of the TOC and BDOC 
values of the finished water (see Table 9). Thus, the loss of BDOC with increasing water 
residence time due to biodegradation would not cause a significant decrease in TOC. 



Table 12. 48-hour chlorine demand at three stations in Durham before 
(211 5/99) and after (311 7/99 and 4/6/99) flushing program 

48-hour chlorine demand (mg/L) 
Station 

211 5/99 311 7/99 4/6/99 

NA = not available 

1 

inished N50 W20 A1 5 C1 S30 S70 N60 W30 2 

Sampling Station(in the order of water residence time) 

Figure 24. Temporal and spatial variability of TOC in the Durham distribution system (1 0/98 - 
8/99) 

The temporal and spatial variability in BDOC concentrations in the Durham distribution system 
is shown in Figure 25. The BDOC ranged from about 0.2 to 0.8 mg/L, which is similar to the 
range reported by Gagnon and Huck (1996), in analysis of data collected from a distribution 
system in France. The decrease in BDOC at long mean residence time could be due to 
biodegradation that occurs when the chlorine residual has decreased. However, the precision of 
the TOC analyzer (Shimadzu TOC 5000) is on the order of k0.2 mg/L and so, it is very difficult 
to draw strong conclusions as to a trend toward lower BDOC at longer mean residence time. 

In our previous sampling survey of the Durham and Raleigh distribution systems, AOC was used 
to measure biodegradable organic matter (DiGiano et al. 2000). The results showed that Durham 



and Raleigh systems had similar AOC values, the average being 87 pg/L in the Durham system 
and 99 pg/L in the Raleigh system. These AOC values were both high enough to supports the 
growth of bacteria in the distribution system. The spatial variability of AOC in systems showed 
that the total AOC remained relatively constant although the site in Raleigh with the extremely 
long residence time (FS6) had the lowest values. 

Because BDOC and AOC are different measures of the biodegradable organic matter, they are 
not numerically equivalent. However, Kaplan et al. (1 994) showed that AOC and BDOC were 
moderately correlated. The regression model was given as 

AOC(pg I L) = 0.198 x BDOC (pg / L) + 66.8 (r = 0.58) (13) 

The above correlation was established from data collected from 22 water utilities across the 
United States. A later study by Volk and LeChevallier (2000) of 3 1 water utilities gave an r 
value of 0.77. 
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Figure 25. Temporal and spatial variability of BDOC concentration in the Durham distribution 
system (2199 - 8/99) 

The BDOC data from this project and the correlation between AOC and BDOC provided by 
Kaplan et al. (1994) were used to estimate AOC. In Figure 26, these AOC values are compared 
to average values that had been measured in 15 months preceding this project (DiGiano et al. 
2000). If the previously measured AOC values are assumed representative of the distribution 
system in the current project as well, then the Kaplan correlation overpredicted the AOC. 



+Corresponding AOC at each site in the current project 

+Average AOC at each site in the previous project (DiGiano et al., 2000) 
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finished N50 W20 A1 5 C1 S30 S70 N60 W30 2 
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Figure 26. Comparison of AOC calculated from BDOC using Kaplan et al. (1994) correlation 
and AOC measured during previous project (DiGiano et al. 2000) in the Durham distribution 
system 

Field surveys have suggested that AOC values below 50 to 100 pg/L (as acetate-carbon) are 
necessary prevent regrowth in the absence of significant disinfectant residuals (Van der Kooij et 
al. 1992; Volk and LeChavallier 2000). Servais, et al. (1 993) suggested a corresponding BDOC 
limit of 0.15 mg/L. The estimated AOC and the measured BDOC in the Durham distributions 
system indicate that regrowth could occur in the absence of significant disinfectant residual. 

The mean value of the log HPC was determined for each sample location. The temporal and 
spatial variability in HPC in the Durham distribution system is presented in Figure 27. Similar 
results were obtained in our previous study (DiGiano et al. 2000). Very high HPC (>1000/mL) 
were observed at Stations N60, W30 and 2; these correspond to stations with the highest mean 
residence times. However, the HPC was also very high at Station 5 even though the mean 
residence time is low; these results, however, were consistent with low chlorine residual at this 
station as will be discussed next. The HPC at most of the stations was about lOO/mL. This value 
has been set as a reasonable baseline to indicate a regrowth problem (Geldreich 1996). 
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Figure 27. Temporal and spatial variability of HPC at each station in the Durham distribution 
system (1199 - 8/99) 

Total coliform, as reported by the Durham laboratory staff, were absent in all of these monthly 
samples. In our previous project (DiGiano et al. 2000), only two positive coliform samples were 
reported for a similar number of samples. 

The impact of the flushing program on HPC within the system was also observed. Data are 
presented in Table 13 for the same three stations isolated in Tables 1 1 and 12. A trend of 
decreasing bacterial numbers is most apparent for Station 5. The lack of long-term benefits to 
the flushing program in March was apparent from the HPC data. The HPC in early April was 
less than 20lmL at Stations W30 and 5. However, the HPC at these stations climbed to over 
10001mL in May through July. This increase occurs during a period in which water temperature 
is high and chlorine residual is low; both of these effects counteract the benefits of flushing. 

Table 13. HPC at three stations in Durham before (211 5/99) and after 
(311 7/99 and 4/6/99) flushing program 

HPC level (cWmL) 
Station 

1120199 311 7/99 4/6/99 



Two of the most important water quality parameters that affect regrowth are chlorine residual 
and BDOC. The weak relationship was noted between log HPC and chlorine residual in the 
Durham distribution system as shown in Figure 28. While HPC increased as chlorine residuals 
decreased, the R~ value was only 0.36. This suggests that chlorine residual alone cannot explain 
the HPC data. 

Free Chlorine (mglL) 

Figure 28. Relationship between log (HPC) and free chlorine in Durham distribution system 

A very poor correlation was observed between log HPC and BDOC as in shown in Figure 29. 
The foremost concern is whether the precision of the BDOC measurement is sufficient to draw 
any conclusions about a relationship with HPC. The BDOC test is in many ways an arbitrary 
measure of microbial activity dependent upon the time selected for sample incubation and the 
consortia of microorganisms on the sand grains in each test bottle. It measures the amount of 
substrate biodegraded but not the number of microorganisms grown. Even if the BDOC test is 
accepted as a reasonably measure of microbial activity, high HPC could correspond to either a 
low or high BDOC at a sampling location. That is, a location with a long residence time could 
have a low BDOC due to extensive biodegradation. On the other hand, a station with a shorter 
residence time could have a high BDOC because not as much biodegradation has occurred 
despite the occurrence of microbial activity. 
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Figure 29. Relationship between log (HPC) and BDOC in Durham system 

Temporal and Spatial Variability of Water Quality in Raleigh Distribution System 

The data obtained in the Raleigh distribution system are presented in the same general order as 
given for data from the Durham distribution system. The basic statistics for the key water 
quality parameters are listed in Table 14. As noted for the Durham system, there is substantial 
evidence of bacterial regrowth and a decrease in disinfectant residual. 

The temporal and spatial variability in chloramine concentration is presented in Figure 30. The 
water residence time shown on the abscissa was estimated from a single fluoride tracer study 
performed in October 1996 (DiGiano et al. 2000). The monochloramine concentration was less 
than 50% of the finished water values at many stations. In fact, the chloramine concentration 
was consistently near or at the detection limit at FS6, a station that is characterized by an 
extraordinarily long residence. This agrees with our results from the previous project (DiGiano 
et al. 2000). The temporal variability in chloramine concentration at several stations was also 
very large. Variations in concentration of organic and inorganic chemicals that can be oxidized 
within the distribution system may play a role. 

The first-order rate constants (k)  for chloramine decay are compared to those of chlorine decay in 
Figure 3 1 for three selected sampling stations in the Raleigh and Durham distribution systems on 
specific sampling dates in July 1999. The k values for chloramine demand were much smaller 
than those for chlorine demand, consistent with chloramine being a weaker oxidant than 
chlorine. Nevertheless, as was clear in Figure 30, chloramine did not produce a stable residual. 
The results are very similar to those obtained in the previous project (DiGiano et al. 2000). It 



Table 14. Summary of key water quality parameters from the 10 sampling stations in 
Raleigh distribution system 

Parameter Mean Standard. Maximum Minimum 
Deviation. 

HPC-R2A (cfdmL) 2,100 7,800 70,000 1 

Chloramine Residual (mg/L) 2.3 1 .O 4.1 0 

Chloramine demand (mgk) 0.4 0.2 1.1 0 

BDOC (mg/L) 0.4 0.2 0.8 0 

TOC (mg/L) 2.1 0.4 3.2 0.8 

Temperature (OC) 20.7 5.5 31.8 11.1 

'inished F S l l  FS19 FS17 FS14 FS9 FS1 FS3 FS18 FS20 FS6 

Sampling Station(in the order of water residence time) 

Figure 30. Temporal and spatial variability of chloramine residual at each station in the Raleigh 
distribution system (1 0198 - 8/99) 

has been recently shown that chloramine undergoes auto-decomposition and this reaction is 
catalyzed by natural organic matter (Valentine, Ozekin and Vikesland 1998); thus TOC could be 
an important parameter. Chloramine can also be reduced by reaction with ~ e ~ +  which may be 
present due to corrosion in the distribution system (Vikesland and Valentine 2000). 

The variability in k value that is shown in Figure 3 1 at different sampling sites in either 
distribution system would be impossible if the reaction was truly first-order with respect to the 



concentration of the disinfectant. As noted in our previous project, the results suggest that the 
first-order rate model is inadequate. We proposed an overall second-order model (first-order 
with respect to disinfectant and first-order with respect to oxidizable material). The same 
concept has been presented recently by Clark and Sivaganesan (1998). However, research is 
needed to identify the nature of the oxidizable material and determine if it may be generated 
from corrosion with the distribution system.. 

Time (hours) 

Raleigh FS 11 : k = 0.0038 h-I  . / \ 

Durham 5: k = 0.0058 h-I  ' 

Durham WTP: k = 0.017 h-I  

Durham W30: k = 0.026 h-I  

Figure 3 1. Comparison of first-order rate constants (k) for free chlorine decay rate in the 
Durham system (711 3/99) with those for chloramine demand in the Raleigh system (7/20/99) 

The temporal and spatial variability in chloramine demand is given in Figure 32. As was true in 
the Durham system, there was considerable variability with sampling time at each station. The 
fact that lower demand was not observed at stations with longer residence time would suggest 
generation of reduced species fiom within the distribution system, as for example, fiom 
corrosion activity. 

The temporal and spatial variability of TOC is shown in Figure 33. TOC in the finished water 
remained at about 2.5 m g k .  As was noted in the Durham distribution system, the average value 
of TOC at each station was not found to decrease with increasing system residence time. 
However, there was considerable temporal variability in TOC at each station. Problems with 
calibration of the TOC analyzer could have accounted for some of this variability. Nevertheless, 
the average TOC (about 2 mg/L) was similar to observations in the previous study (DiGiano et 
al. 2000). 



I MIN 

finished F S l l  FS19 FS17 FS14 FS9 FS1 FS3 FS18 FS20 FS6 

Sampling Station(in the order of water residence time) 

Figure 32. Temporal and spatial variability of 48-hour chloramine demand at each station in the 
Raleigh distribution system (1 0198 - 8/99) 
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Figure 33. Temporal and spatial variability of TOC concentration at each station in the Raleigh 
distribution system (1 0198 - 8/99) 



As depicted in Figure 34, the BDOC values of less than 0.5 mg/L were typical of the Raleigh 
distribution systems. However, the fact that regrowth still occurred suggests that even this small 
concentration of BDOC is important. The variability at each station could in part reflect the lack 
of precision of BDOC measurements at these low concentrations. BDOC may not be a sensitive 
enough indicator of biodegradation in distribution systems. Despite this drawback, the data 
suggest that BDOC was consistently lower at FS6, the station with the longest residence time. A 
lower BDOC would be expected given the low chloramine residual and high bacterial regrowth 
at this station indicate active biodegradation. 

finished F S l l  FS19 FS17 FS14 FS9 FS1 FS3 FS18 FS20 FS6  

Sampling Station (in the order of water residence time) 

Figure 34. Temporal and spatial variability of BDOC at each station in the Raleigh distribution 
system (2/99 - 8/99) 

The spatial and temporal variability of HPC is presented in Figure 35. A qualitative comparison 
with the same results in the Durham system (Figure 27) shows a similar pattern in that HPC 
increased with increasing residence time. In the absence of chloramine at FS6, HPC routinely 
exceeded 10,00O/mL. HPC at all other stations was less than 100 cWmL. Low values should be 
expected at these stations because the chloramine concentration was in excess of 2 mg/L. 

No positives for total coliform were reported by the Raleigh laboratory staff over the 12-month 
period at any of the stations by the City of Raleigh. The same result was obtained in our 
previous study (DiGiano et al. 2000). 
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Figure 35. Temporal and spatial variability of HPC at each station in the Raleigh distribution 
system (1199 - 8/99) 

The North Carolina Division of Environmental Health requires that Raleigh switch for one 
month (March) each year fiom chloramine to chlorine disinfection, presumably to control 
nitrification. This switch provided an opportunity for direct comparison of the effectiveness of 
the two disinfectants as well as a comparison to the effectiveness of disinfection in Durham 
which uses chlorine throughout the year. The effectiveness of chlorine and chloramine in control 
of HPC in the Raleigh distribution system is shown in Figure 36. These data were obtained 
during three sequential monthly samplings (Feb, March and April 1999) that covered the switch 
from chloramine to chlorine disinfection in March and the return to chloramine disinfection in 
April. With the exception of one site, chlorine was somewhat more effective in controlling 
regrowth as measured by HPC in the bulk water. As in any experiment where more than one 
parameter may have an effect, it is important to eliminate other important factors that could have 
changed in the finished water during the month of March. Inspection of Figure 21 shows that 
temperature was about the same. However, as shown in Figure 20, BDOC was about 1 m g L  in 
March but much lower (0.2 mg/L) in February and April. Despite the greater supply of 
substrate, free chlorine still decreased the HPC at most stations. Other research (Neden et al. 
1992 and LeChevalier et al. 1990) has suggested that chloramine is more effective than chlorine 
in controlling attached growth of bacteria. Whether this is true in Raleigh cannot be determined 
with the existing data. Measurements of attached growth before, during and after the switch in 
disinfectants would be needed. 
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Figure 36. Comparison of regrowth with chloramine and chlorine disinfection strategies in the 
Raleigh distribution system. 

The relationship between HPC and the two important water quality parameters, chloramine 
residual and BDOC, was also investigated. The relationship between HPC and chloramine 
residuals is shown in Figure 37. The strength of the inverse correlation between log HPC and 
chloramine concentration was similar to that of log HPC and chlorine concentration in Durham. 

A very weak, negative relationship was found between HPC and BDOC as shown in Figure 38. 
The lack of a relationship was noted for the Durham system data as well (Figure 29). Given the 
lack of precision of the BDOC measurement at these low values, no further interpretation of 
these results is warranted. 

Effect of Temperature 

Temperature can have many different effects on regrowth, some being positive and others being 
negative. Higher temperature would be associated with faster reaction rates within the 
distribution system. This includes rates of microbial growth, corrosion, disinfectant demand and 
microbial inactivation. The net effect of temperature on regrowth, therefore, is not easy to 
predict. As one example, an increase in rate of microbial inactivation by a disinfectant with 
temperature may offset an increase in rate of disappearance of the disinfectant by oxidation 
reactions. Other effects of temperature are also not easy to predict. For instance, the 
composition of biodegradable substrate that leaves the water treatment plant could vary 
seasonally. Given these caveats, the average seasonal temperature and HPC in each distribution 
system are given in Figure 39. The seasonal average HPC increased from winter to summer. 



Given that the average seasonal temperature increased, it may be inferred that HPC is positively 
related to temperature. Both positive (LeChevallier et al. 1996a) and negative (Camper 1996) 
effects of temperature have been reported in other studies. 
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Figure 37. Relationship between log (HPC) and chloramine concentration in the Raleigh 
distribution system 
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Figure 3 8. Relationship between BDOC and log (HPC) in Raleigh distribution system 
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Figure 39. Effect of temperature on bacterial regrowth in water distribution systems 



DEVELOPMENT OF A MECHANISTIC BACTERIAL REGROWTH MODEL 

This section deals with development and preliminary testing of a regrowth model that is based on 
conventional bacterial regrowth concepts depicted in Figure 40. Reactions within the 
distribution network occur in the bulk solution and at the pipe surface. The temporal and spatial 
variations in some parameters such as mean residence time, temperature and flow condition 
make the system very complex. Thus accurate description of the pipe network and its operation 
is essential. In addition, environmental processes are usually not well understood at the micro- 
scale and even if they are, specification of process constants is often difficult. This is 
particularly true in bacterial regrowth models for distribution systems. While a few models exist, 
there is relatively little verification in real systems. The development presented herein will be 
used to show the sensitivity of the model to some key system parameters and not to attempt 
prediction of HPC in the bulk water for either the Durham or Raleigh distribution systems. To 
do so, will require interfacing with a very large and complex hydraulic model, an effort planned 
for the future. 
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Figure 40. Overview framework of the proposed bacterial regrowth model 

An overview of the components in the bacterial regrowth model is presented in Figure 41. At 
least five processes should be included in a regrowth model: growth of free and fixed bacteria on 
the dissolved organic matter; bacterial mortality; interaction between free bacteria and fixed 
bacteria (biofilm); inhibitory effect of free chlorine on the activity and mortality of free and 
fixed bacteria; and chemical consumption of free chlorine. All the processes involve the mass 
transfer between the bulk water and the biofilm. The four most important species included in the 



bacterial regrowth model are: Xb, free bacteria concentration in bulk water (cellsn); XJ fixed 
bacteria (biofilm) density on the inside surface of pipe wall (cellslcm2); S, concentration of 
biodegradable carbonaceous substrates in water (pgIL); and CZ2, concentration of disinfectant 
(chlorine) in water (mg/L). 

Simplifications are needed for several of the modeling components that were illustrated in Figure 
40. A few examples will be cited for illustration. While the rate of microbial growth can be 
determined by the concentration of inorganic nutrients and organic carbon (substrate), it is 
common to assume that the latter is rate controlling. Our previous research in the Durham and 
Raleigh systems, in fact, demonstrated that sufficient nitrogen and phosphorus was present to 
support microbial activity and that organic carbon was probably rate controlling (DiGiano et al. 
2000). The surrogate for organic carbon that serves as a microbial substrate is BDOC in the 
proposed model. The bacterial community can be quite diverse and have different growth rates 
yet simplifications are needed. Although some approaches would include slow and fast growing 
microbes, this may be difficult to quantify with present knowledge. The surrogate for the 
microbial community in the proposed model is HPC. While it is true that the coliforms group is 
a better surrogate for human health effects, the low and random occurrence of coliform make 
eventual model calibration and verification almost impossible. 
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B iofilm 
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Chemical  consumption 

Figure 41. Schematic representation of processes taken into account in the proposed model 

The structure of a biofilm is very complex. Hydrodynamic components of the model (e.g., shear 
rate) need to describe the deposition of suspended bacteria and their detachment. While electron 
microscope observations show patchy coverage of the pipe wall, a uniform layer greatly 
simplifies the spatial description. The random nature of processes that affect attachment of 
biomass can be accounted for by uncertainty in parameter estimates that are used to describe the 
thickness of the biofilm layer. The detachment rate is typically handled as a simple first-order 
dependency on number of organisms attached. While the microbial processes included in the 
proposed model are not different than found in other available models, the advance thus far is in 
the numerical method used to solve the model. Future work will add an uncertainty component 
to account for lack of current knowledge in model specification and in parameter estimations. 



SUB COMPONENTS OF MODEL 

The following sections describe various sub components of the proposed regrowth model in 
mathematical detail. These sub components were based on the literature and our current 
knowledge fiom studies in the Durham and Raleigh distribution systems. 

Consumption of BDOC and Bacterial Growth 

The Monod kinetic model is generally accepted. This leads to the following set of equations to 
describe consumption of BDOC by both free- and fixed bacteria: 

where p m , b  is maximum specific growth rate of bacteria in bulk water; pmnxfis maximum 
specific growth rate of fixed bacteria; Y, is growth yield coefficient of bacteria; b is bacterial 
mortality rate; and Ks is the half-saturation constant of substrate uptake. 

The effect of temperature on microbial growth rate is accounted for by adjusting p,,, using the 
empirical relationship cited by Laurent et al. (1 999): 

where Top, is temperature for which bacterial activity is optimal; Ti is temperature dependent 
shape parameter; and T is the temperature within the distribution system. Top, and Ti take into 
account adaptation of the bacterial community if the temperature remains constant and can be 
expressed as. 



Interaction Between Free Bacteria and Fixed Bacteria 

The interaction between free bacteria in the bulk water and fixed (attached) bacteria on the pipe 
wall is composed of two parts: the deposition of free bacteria onto the pipe wall and the 
detachment of biomass from the pipe wall. The deposition rate is considered as first order with 
respect to bacterial concentration in bulk water and zero-order with respect to the fixed bacteria 
concentration: 

where, k* is first-order kinetic constant for free bacteria that deposit onto the pipe wall. 

Biofilm detachment refers to the interphase transport of biomass particles from an attached 
microbial film to the fluid compartment surrounding the biofilm. Under steady-state conditions, 
detachment is the primary process that balances microbial growth and death in the biofilm. Also, 
since bacterial growth in the bulk liquid is relatively small compared to biofilm growth, 
detachment plays a major role in determining the number of viable bacteria found at the 
consumer's tap. In addition, detachment may provide an inoculum for growth of a suspended cell 
population. Thus, the description of biofilm shearing is especially critical. 

A simple approach to description of detachment rate is a proportionality relationship depending 
on the quantity of fixed bacteria per unit of surface area (Stewart 1993): 

where kder is first-order kinetic constant for bacteria detachment. However, shear stress also 
affects the detachment rate. A first-order dependence on shear stress has been commonly 
proposed. Because shear stress is proportional to water velocity, the latter is used in the 
mathernatica formulation: 

where v is water velocity. The detachment coefficient must, therefore, be dependent on the shear 
forces in the system as well as the microbial community. 

The proposed detachment rate differs from that in BAM and SANCHO. In BAM, detachment is 
simulated as a zero-order, first-order or second-order rate expression with respect to biofilm 
thickness. In SANCHO, detachment is a first-order process with respect to biomass. Only 
PICCOBIO considered that both shear stress and the structure of biofilm influence the 
detachment (Dukan et al. 1996). 

Action of Free Chlorine on Bacteria 

The proposed model at present considers only free chlorine and not chlorarnine. At a given pH, 
free chlorine is in equilibrium between the hypochlorous acid form (HOCl) and its conjugate 



base, the hypochlorite ion (OC13. In fact, the most efficient bactericidal form of free chlorine is 
HOCl. The effect of chlorine on the activity of heterotrophic bacteria has been determined 
experimentally and is represented by the following empirical relationship (Laurent et al. 1997) 

where C12,, is the threshold above which chlorine affects bacterial activity; DCI is the 
characteristic chlorine concentration; pm, is the maximum microbial growth rate in the absence 
of a retardation effect due to chlorine; and ~ 1 2  is the adjusted rate of microbial growth in the 
presence of chlorine. 

When the chlorine concentration is greater than the threshold value (C12,,), an inhibition factor 
proportional to the free chlorine concentration is applied to estimate ,urn. This inhibition factor 
directly affects bacterial activity through a correction of p,,. If the chlorine concentration is 
below the threshold values, the maximum growth rate will remain unchanged. Since fixed 
biomass is more resistant to chlorine than free biomass, the C12,, value is greater for biofilm than 
for free bacteria. 

Chemical Consum~tion of Free Chlorine 

The factors that influence consumption of residual chlorine include: reaction of chlorine with 
organic and inorganic chemicals in bulk water, reactions of chlorine with biofilm attached to the 
pipe wall, and reactions of chlorine with pipe material. The bulk-water reaction is usually 
assumed to be a first-order reaction rate with respect to the free chlorine concentration. As noted 
in discussion of the results for chlorine decay rate in both Durham and Raleigh, this is probably a 
simplification. Instead, the reaction rate depends upon the concentration of oxidizable material 
as well (DiGiano et al. 2000). The second and third reactions are together called "wall reaction". 
Due to the limitation of mass transfer between the bulk flow and pipe wall, wall reaction is often 
considered to be independent of the chlorine concentration, i.e., a zero-order rate. 

Taking into account all of the above reactions, the mathematics expression of chlorine 
consumption in the distribution system is: 

where kdecay is first-order kinetic constant for chlorine decay and R is zero-order wall reaction. 
The R value is given by the slower of two rates that occur in series. A mathematical function 
representation of the slowest step is the minimum (min) of the two possible rates: 

where k, , ,~  is the zero-order rate constant for the wall reaction; rh is the hydraulic radius; and kfis 
the mass transfer coefficient (Rossman et al. 1994 and Hua et al. 1999). 



One-dimensional Pipe Flow with Constant Velocity 

The simplest example of the distribution system is one-dimensional flow in a single pipe at a 
constant flow rate. The mass-conservation equation for the pipe can be expressed as 

xi - -- ac. a2c. -v . I +D-+R, 
at ax ax2 

where Ci is the concentration of simulated specie; v is the flow velocity in the pipe; D is 
dispersion and diffusion coefficient of the flow in the pipe; and R,. is the reaction term. 

Considering all the processes that were described in the preceding sections, a set of differential 
equations was written to describe bacterial regrowth in a single pipe under steady-state flow 
conditions. The mass balance equation for free bacteria is: 

ax, - ax, a2x, -- -v.- +D- .-. 
dt  ax dx2 DCZ S +  K, Xb 

where a is the surface area-to-volume ratio of a full pipe. If the units for bacteria in bulk water 
are cells/mL and those for bacteria in biofilm are cells/cm2, the value of a will be lOOx(2lpipe 
radius). 

The mass balance equation for fixed biomass is: 

and the mass balance equation for organic substrate in the bulk water is: 

where p is the number of bacteria produced per pg of organic carbon. The value of P for 
purposes of illustration was taken as 1 o7 ce1lslpg.C. 

Finally, the mass balance for disinfectant residual in the bulk water is described by: 

The overall mathematical model that accounts simultaneously for all the processes above can be 
expressed by the following system of partial differential equations (PDEs): 



acr, 
- -v - 

a2cz2 
+D--k *C12-R 

dl & &2 decay 

Numerical Solution of the Model 

The above non-linear PDE system is nearly impossible to solve analytically. Hence, an effective 
numerical method must be selected. Rossman and Boulos (1996) summarized the use of 
Eulerian-based and Lagrangian-based models for modeling the transient behavior of water 
quality in distribution systems. The Eulerian approach moves water between fixed grid points or 
volume segments in pipes as time is advanced in uniform increments. The Lagrangian methods 
updates conditions in variable-sized segments of water at either uniform time increments or only 
at times when a new segment reaches a downstream pipe junction. Rossman and Boulos (1 996) 
compared the performance of two methods and showed that both gave similar accuracy. 
Lagrangian methods are more efficient for simulating chemical transport. For modeling mean 
residence time, the time-driven Lagrangian method is the most efficient while the Eulerian 
methods are more memory-efficient. 

A Eulerian-based approach was selected in this research. Specifically, the technique involves 
dividing the pipe domain into nodes with an operator splitting algorithm. Complex PDEs are 
solved by splitting the total system of equations into several simple systems that can be solved 
separately. Multidimensional systems can be split into several one-dimensional systems. 
Advection-dispersion systems can be split into advection-only and dispersion-only systems. 

In this research, the local reaction block was split from transportation block. The first block 
describes the transport processes in the pipeline: 



where x,' , X; , S* , ~ 1 ;  are the transient variables. 

< 

The second block describes the local reaction processes in the pipe. 

a: -=o 
dt 

as' - as* a2s* 
--v-- +D- 

at ax ax2 

The transport block is solved using a finite difference method to solve the PDEs numerically. 
The concept of this method is simple, it can be applied to most PDEs and it costs less to achieve 
an accurate solution. The drawback is that it can give only an approximate solution at a fixed, 
but predetermined, set of points. The accuracy of the method depends upon the structure of the 
equation, auxiliary conditions, discretization pattern, and method used to approximate the 
necessary derivatives. . 

The reaction block of the model is simply in the form of ordinary differential equations. The 
Runge-Kutta 4 (RK4) method was used to obtain solutions. An outline of the method is given 
below: 



where h is the step size; f is the ordinary differential equation function to be solved; and k is 
intermediate value of the solution. The overall operator splitting method gives an error on the 
order of the time step, At. However, the RK4 method has local truncation error of o ( A ~ ~ )  for 
each step, provided the solution y(t) has five continuous derivatives. Therefore, a single time 
step is enough for the RK4 method to solve the local reaction system over At. The programming 
algorithm is shown in Figure 42. 

Set model 
Parameters // , Set boundary conditions 

Initialize input variables 

transportation Part 

Time = 0.0 u slove local reaction part 

Update 
{u)l = {u)l+l 

Time = Time + dt 

Figure 42. Flow chart of the splitting operator method algorithm 

The model was programmed in C language with the code comprising six parts that are described 
below: 

1. Main( ) fhction to: initialize the variables; set the boundary condition; call function fdm( ); 
execute the finite difference to form matrices [A] and [B] and to solve the linear equation by 
calling tridag( ) fbnction; call RK4 method fhctions; and put the solution into the file 
"result. txt" 

2. Utility function that defines the structure of matrices and vectors, etc. 



3. fdm( ) function to solve the transportation block of the advection-dispersion-reaction 
equation system using the finite difference technique 

4. tridag( ) function (from the Numerical Recipe) to solve the tridiagonal system 

5. RK4( ) function to solve the reaction block of the advection-dispersion-reaction equation 
system using the Runge-Kutta 4 method 

6. Model0 function to input the user model structure (time step was set to 0.1 hour; spatial 
girding at 100 m; pipe diameter at 15 inches; water velocity at 1.0 m/s and the dispersion 
coefficient at 0.05 m2/s). 

RESULTS OF REGROVVl-H MODEL SIMULATIONS 

A series of simulations was executed to illustrate the application of the regrowth model. Using a 
personal computer, 100 hours of unsteady state operation were simulated in a 10 km length of 
pipe in about 20 seconds. All the parameters used in the model were taken from typical values in 
the literature and are listed in the Table 15. This approach was taken because field 
measurements for these parameters were not available. The purpose of these simulations was 
restricted to examination of the sensitivity of model results to important parameter inputs. 

l m ~ a c t  of Chlorine Dosaae on Bacterial Rearowth 

The simulations were started with assumption that the free- and fixed bacteria (i.e., the biofilm) 
in the pipeline were zero. The finished water from the water treatment plant contained a free 
bacteria concentration of 5 cells/mL. The effect of chlorine dosage in the finished waters on 
control of biofilm development and bacterial regrowth was tested. Three simulations were run at 
chlorine dosages of O.5,0.7 and 1.0 mg/L. For illustrative purposes, a simulation time of 100 
hours was selected. The response of free-bacteria (HPC) and BDOC with distance along the 
pipeline is shown in Figure 43 and the response of fixed bacteria is shown in Figure 44. 

A chlorine dosage of 1.0 m g L  was able to control the both the free- and fixed bacteria After 100 
hours of simulation, the concentration of free bacteria was only 1 cell/mL and the attached 
bacteria concentration was only 8 cells/cm2 at a distance of 10 krn from the treatment plant. 
Because biodegradation was suppressed by the disinfectant, BDOC did not decrease along the 
pipeline. When the chlorine in the finished water decreased to 0.7 mg/L, the free bacteria 
concentration increased to 6400 cells/mL at a distance of 10 km and the attached bacteria 
concentration increased to 1.1 5x 1 o5 cells/cm2. 'Both of these values are in the range observed in 
the distribution system of Durham (DiGiano et  al. 2000). Despite the evidence for regrowth 
given by these two parameters, the BDOC did not decrease measureably on the scale selected. 
Thus, a small extent of substrate utilization is sufficient to produce measureable regrowth. 
Further reduction of the chlorine concentration to 0.5 m g L  caused the fiee bacteria to exceed 10' 
cells/mL. This was accompanied by large decrease in BDOC. The position along the length of 
the pipe where regrowth takes place is determined by the chlorine dosage and the consumption 
rate of chlorine by chemical reactions (i.e., the chlorine demand). Thus in Figure 43, the 
distance at which regrowth begins becomes shorter as the chlorine dosage is decreased. 



Table 15. Regrowth model parameter values and nominal initial (pipeline) and boundary 
(finished water ) conditions 

Parameter Symbol Value Units Reference 

Maximum growth rate of free 
bacteria 

Maximum growth rate of fixed 
bacteria 

Chlorine threshold concentration 
for free bacteria 

Chlorine threshold concentration 
for fixed bacteria 

Characteristic chlorine 
concentration 

Monod half saturation coefficient 

First-order rate constant for 
detachment 

First-order rate constant for 
deposition 

Bacterial mortality rate 

Water velocity in pipe 

Dispersion coefficient 

Growth yield coefficient of bacteria 

First-order rate constant for 
chlorine decay by bulk demand 

Zero-order rate constant for 
chlorine decay by wall demand 

(h-I) Camper (1 996) 

(h-') Camper (1996) 

(mglL) Laurent et al. (1 997) 

(mg/L) Laurent et al. (1 997) 

(mglL) Laurent et al. (1 997) 

(h-') Camper (1996) 

(h-') Laurentetal.(1997) 

( d s )  Camper (1 996) 

(m2/s) Axworthy et al. (1996) 

Bois et al. (1 996) 

Vasconcelos et al. 
(h-') (1997) 

Vasconcelos et al. 
lh'''m 1997 - - 

Nominal Initial and Boundary Conditions for Water Quality Parameters 

Initial Free-bacteria concentration x b .  o 0 cells/mL 
in pipeline 

Initial fixed (attached)-bacteria 30 0 (celllcm2) 
concentration in pipeline 

Free bacteria concentration in xb, o 5 (cells/mL) 
finished water 

Free-chlorine concentration in C12,o varied (mg/L) 
finished water 

BDOC concentration in finished so varied (pgL) 
. water 



HPC (cfulrnl) BDOC (uglL) 

---*---*---*. . .*---* 

+Free Bacteria, CI2 = 1.OmglL 

F r e e  Bacteria, CI2= 0.7 mglL 

+Free Bacteria, C12 = O.Smg/L 

- *- BDOC, C12 = l.Omg/L 

- A- BDOC, C12 = 0.7mglL 
- a. BDOC, C12=0.5mglL 

I 

I / 

0 1 2 3 4 5 6 7 8 9 10 

Distance from Treatment Plant (km) 

Figure 43. Free-bacteria and BDOC in pipeline after 100 hours with three different chlorine 
dosages in the finished water 

HPC (cfulcm2) 

+Fixed Bacteria, CI2 = 1 .OmgR 

+Fixed Bacteria, CI2- 0.7 mglL 

+Fixed Bacteria, CI2 = 0.5mglL 

Distance from Treatment Plant (km) 

Figure 44. Fixed-bacteria after 100 hours with three different chlorine dosages in the finished 
water 



Impact of Short-term Presence of Free Bacteria in Finished Water on Regrowth 

The model was used to simulate the impact on bacterial regrowth of a sudden rise in free-bacteria 
concentration to 10,000 cellsImL in the finished water that was sustained for 10 hours, as for 
example might occur if disinfection was interrupted. The chlorine dosage was set at 0.5 mg/L. 
The response of free bacteria in the pipeline after times ranging from 20 to 100 hours is given in 
Figure 45. The release of free bacteria into the distribution system provided an inoculum for 
growth of both free- and fixed bacteria. Although the release of these bacteria only lasted for 10 
hours, the free-bacteria concentration remained very high even after 100 hours. This can be 
explained only by bacterial detachment from the biofilm. 

Regrowth Control by Increase of Chlorine Concentration in Finished Water 

In these simulations, the starting point was after 100 hours with a free-bacteria concentration of 5 
cells1mL and a chlorine concentration of 0.5 mg/L in the finished water (see Figure 43 for this 
initial condition). After 100 hours, the chlorine concentration in the finished water was increased 
to 2.0 mg/L for another 100 hours. As the results in Figure 46 indicate, the increase in chlorine 
concentration was not effective at controlling regrowth. This is because the fixed biomass is 
more resistant to chlorine than free biomass in the model formulation, i.e., the CZ2,, value is 
greater for biofilm than for fiee bacteria. Thus, even though the chlorine concentration is higher, 
bacteria can still detach from the biofilm in an active condition. 

HPC (cfulml) 

+Free Bacteria, Time = 0 hour 

+Free Bacteria, Time = 20 hours 

+Free Bacteria, Time = 40 hours 

1.00E+03 - 
- w- Free Bacteria, Time = 60 hours 
- Free bacteria, Time = 80 hours 

- e. Free Bacteria, Time = 100 hours 

3 4 5 6 7  

Distance from Treatment Plant (km) 

Figure 45. Response of free bacteria in the pipeline to a sudden increase of free-bacteria in the 
finished water that lasted 10 hours at a chlorine dosage of 0.5 mg/L 



HPC (cfulml) 

+Free Bacteria, Time = 0 hour, C12 = 0.5mglL 

F r e e  Bacteria, Time = 50 hours, CI2=0.5mgIL 

-Free Bacteria, Time = 100 hours, C12=2.0mglL 
, A - - -  - m- Free Bacteria, Time = 150 hours, C12=2.0mg/L .'A /- - - A. Free bacteria, Time = 200 hours, CI2=2.0mg/L A0 

0 1 2 3 4 5 6 7 8 9 1 0  

Distance from Treatment Plant (km) 

Figure 46. Response of free-bacteria to an increase of chlorine dosage to 2.0 mglL in finished 
water after establishment of a biofilm for 100 hours with a chlorine dosage of 0.5 mg/L. 

Rearowth Control bv Reduction of Substrate (BDOC) SUDD~V 

Bacterial regrowth is determined in part by the amount of substrate available for growth. It was 
evident, for example, in the Durham and Raleigh systems, that sufficient substrate (as measured 
by BDOC) was available to sustain microbial growth once the disinfectant concentration was 
lowered. In these simulations, the biofilm was first established by operating with a chlorine 
dosage of 0.5 m g k ,  a BDOC of 800 pg/L and free-bacteria concentration of 5 cells/mL for 100 
hours (see Figure 43) before decreasing the BDOC to 50 pg/L. Such a decrease in BDOC could 
be obtained, for example, by installation of a biofilter at the water treatment plant. The results in 
Figure 47 show only a slight reduction in free bacteria at a distance of 10 km and no reduction at 
7 km. As was seen in the previous series of simulations, once the biofilm is established in the 
distribution system, it controls regrowth for a very long time. 

The Future for Reaowth Models 

Many water professionals argue that the weakest li'kk today in delivering safe water to the 
customer is not in treatment but rather in the distribution system. Having recognized the 
problem, engineering analysis tools are needed to develop effective management and control 
strategies. While EPANET, a public domain software package, as well as several commercial 
packages include a component to predict chlorine residual in the distribution system, the 
relationship to regrowth is not included. The first-generation of mechanistic models to describe 
bacterial regrowth has been applied to a limited extent and they should be approached cautiously, 
recognizing the limitation of our knowledge concerning biofilm and disinfection processes. The 
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+Free Bacteria, Time = 100 hour 
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1.00E+07 - a- Free Bacteria, Time = 160 hours - A- Free bacteria, Time 4 8 0  hours 

4 nnc~nc - a- Free Bacteria, Time = 200 hours 

0 1 2 3 4 5 6 7 8 9 1 0  

Distance from Treatment Plant (km) 

Figure 47. Response of free-bacteria at different times after decreasing the BDOC in finished 
water from 800 to 50 pg/L. Each simulation was started by establishing the biofilm for 100 
hours with a fiee chlorine dosage of 0.5 mg/L and a free bacteria concentration of 5 cells/mL in 
the finished water. 

simulations presented here with a highly simplified deterministic model help to illustrate the 
importance of several factors that influence regrowth, but they are only a beginning point. The 
model must be extended to introduce uncertainty analysis much like the development that has 
preceded in surface water quality modeling. Moreover, the model must be linked to a hydraulic 
component before it becomes of practical use. 

The dynamic mechanistic model is expected to help utilities in at least two ways. First, the 
model could be used to monitor the water quality in whole system and to optimize the location of 
sampling for bacterial regrowth and disinfectant residuals. Second, the model can be used to 
explore control strategies such as modification of water treatment practice (change in disinfectant 
type or disinfectant concentration, removal of BOM to prevent microbial growth), or to explore 
system remediation programs (flushing and pipe replacement) that would improve water quality 
within the distribution system. 

A bacterial regrowth model that includes uncertainty can be used to present predictions in the 
form of frequency distributions for key output variables (heterotrophic plate count, disinfectant 
residual and substrate residual) at locations within a distribution system. The results will be 
useful for identifying critical locations in the distribution system for more intensive sampling and 
for exploring control strategies such as modification of water treatment practice (e.g., change in 
disinfectant or disinfectant concentration and removal of more substrate to prevent microbial 
growth). In addition, the model could help establish the importance of distribution system 
remediation programs such as flushing and pipe replacement. 
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APPENDIX I. LIST OF SYMBOLS 

[A1 

[A1 0 

AOC 

b 

BDOC 

BOM 

Oxidant concentration in drinking water at time t 

Initial oxidant concentration in drinking water 

Assimilable organic carbon 

Bacterial mortality rate 

Biodegradable dissolved organic carbon 

Biodegradable organic material 

Chlorine or chloramine residual at time t 

Initial chlorine or chloramine concentration 

Free-chlorine concentration in finished water 

Chlorine threshold concentration for free bacteria 

Chlorine threshold concentration for fixed bacteria 

Colony forming units 

Completely-mixed flow reactors 

Dispersion coefficient 

Characteristic chlorine concentration 

Dissolved organic carbon 

Fraction of new water with the old water 

Heterotrophic plate count 

Monod half saturation coefficient 

First-order rate constant for chlorine decay by bulk demand 

First-order rate constant for detachment 

First-order rate constant for deposition 

Zero-order rate constant for chlorine decay by wall demand 



R2A 

TG 

SAS 

so 

TOC 

First-order rate constant for chlorine decay 

Type of agar in HPC determination 

Trypto glucose agar used in standard HPC determination 

Statistical analysis system 

BDOC concentration in finished water 

Total organic carbon 

Water velocity in pipe 

Initial Free-bacteria concentration in pipeline 

Initial fixed (attached)-bacteria concentration in pipeline 

Free bacteria concentration in finished water 

Growth yield coefficient of bacteria 

Maximum growth rate of free bacteria 

Maximum growth rate of fixed bacteria 


