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UNBAFFLING Ct

Disinfection of water (potable or recycled) with a chemical disinfectant (chlorine or chloramine) requires time for 
the chemical to react with and kill the target microbial pathogens. Ideally the time for the reaction is provided in a 
purpose-built reactor or contact tank as this is specifically designed for this purpose and provides a controllable 
process. The reality however is quite different. Most water supplies rely on disinfection to occur in clear water 
tanks and reservoirs of various size, with various arrangements of inlet and outlet structures and varying levels 
of short circuiting. The effective contact time is often less than is assumed.

Many water utilities use a target free or total chlorine residual in their treatment systems to achieve a level of 
disinfection that they understand to be adequate. This approach to disinfection can be improved in most cases. 

What Is Ct and Why Is It Important?
Ct can be used to describe the effectiveness of the disinfection process. It is defined as the disinfectant 
concentration in water and the time that the water is exposed to the disinfectant. This is from the point of addition 
of the disinfectant to the point of measuring the disinfectant residual.  

The Ct  can be calculated by multiplying the concentration of the disinfectant by that time.

Ct = concentration of disinfectant (mg/L)  x  time the water is exposed (minutes)

Ct  has awkward units of mg.min/L, however it is easier just to think of it as a number. The larger the number, the 
more effective the disinfection process.

Scientific research on the sensitivity of microbes to a range of disinfectants has been undertaken for decades. This 
has resulted in the determination of Ct values necessary to achieve different levels of removal of the microbes. 
The easiest way to think about the effectiveness of disinfection is to think of % removal of an organism. Typically, 
we talk of 90%, 99%, 99.9% or 99.99% removal. For example, if there is 90% removal of a particular organism, 
and there are 100 of those organisms in a sample of water, 90% or 90 of them would be killed, leaving 10 
organisms unaffected.

Microbiologists often refer to log removal values rather than percentage removal. The conversion is quite 
simple, just count the number of 9’s (Table 1). Percentage removal and equivalent log removal can be used 
interchangeably as they refer to the same thing 

Table 1. Relationship between of percentage removal and log removal of microorganisms.

Percentage 
Removal

Equivalent Log Removal

90 1 Log

99 2 Log

99.9 3 Log

99.99 4 Log

Table 2 shows microbes have a wide range of susceptibility to disinfection with chlorine (and other 
disinfectants as well). The Ct values come from scientific research into the effectiveness of disinfectants on 
various microorganisms.
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Table 2. Reproduction of published Ct values for a 99% (2 Log) inactivation of various microorganisms by free 
chlorine and the conditions of temperature and pH they were tested under 1.

Microorganism Type Ct (mg.min/L) using free chlorine 

E.coli Bacteria  <1  (10 - 15oC, pH 6-9)

Coxsackie B5 Virus 3.29   (10oC, pH 7)

Naegleria fowleri Amoeba 30      (30oC, pH 7)

Giardia Protozoa 60      (15oC, pH 7)

Cryptosporidium Protozoa 7200  (25oC, pH 7)

 

Nearly all disinfectant reactions are affected by temperature, with lower temperatures slowing the reactions and 
warmer temperatures speeding up reactions. This means higher Ct values are needed at the lower temperatures. 
In water treatment plants, this effect of temperature may need to be considered in winter and summer operation 
where it is necessary to increase the chlorine or chloramine concentration in winter to achieve the same level of 
disinfection. 

Other water chemistry factors affect some disinfectants, such as pH for free chlorine. Free chlorine becomes 
less effective at higher pH due to the reduced presence of hypochlorous acid and increased proportion of 
hypochlorous ion (Table 3). Hypochlorous acid is 70 to 100 times more effective at disinfecting many microbes 
than hypochlorous ion. 

Table 3. Hypochlorous acid and hypochlorite ion variation with pH.

pH Hypochlorous Acid (%) Hypochlorous Ion (%)

6.0 96 4

7.0 79 21

7.5 55 45

8.0 28 72

8.5 11 89

9.0 4 96

The type of disinfectant used will change the Ct required for inactivation. Chloramination (a combination of 
chlorine and ammonia) has many benefits in water distribution systems but is a less powerful disinfectant than 
free chlorine (Table 4). For example, compare the Ct values for E. coli and Giardia for the same percentage or log 
removal in Tables 2 for free chlorine  and Table 4, for monochloramine.

1  NHMRC, NRMMC (2011) Australian Drinking Water Guidelines Paper 6 National Water Quality Management Strategy, Version 3.4 Updated October 
2017, Table IS 1.3.1
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Table 4. Reproduction of published Ct values for a 99% (2 Log) inactivation of various microorganisms by 
monochloramine and the conditions of temperature and pH they were tested under 2.

Microorganism Type Ct (mg.min/L)using monochloramine 

E.coli Bacteria  95 – 180    (5oC, pH 8-9)

Adenovirus 2 Virus  1688          (10oC pH 7)

Giardia Protozoa  1470          (5oC, pH 6-9)

Naegleria fowleri Amoeba  320             (30oC, pH 7)

The choice of disinfectant affects the Ct required to achieve a similar disinfection level of target microorganisms, 
and therefore the disinfectant concentration, the time required, or both the concentration and time. 

The Australian Drinking Water Guidelines (ADWG) and the World Health Organisation (WHO) recommendation 
that effective disinfection can generally be achieved by applying a 30-minute contact time to a free chlorine 
concentration of 0.5 mg/L.3 4 Many drinking water systems are operated to achieve 0.5 mg/L of free chlorine at 
the outlet of the clean water tank, theoretically equivalent to a chlorine Ct value of 15 mg.min/L. The actual details 
of operation mean the required Ct is not always achieved in practice.  

A Ct value of 15 mg.min/L will kill many common bacteria and viruses in water. However, Tables 3 and 4 show 
that this will not kill Giardia and Cryptosporidium, and protozoa require different treatment processes to manage 
their risks. 

As Ct is the product (multiplication) of concentration and time, changing the Ct can be done by either changing the 
concentration, the time of exposure to the disinfectant, or both. There are practical limitations to the disinfectant 
residual needed to achieve the target inactivation, such as being able to reliably measure the residual and not 
causing risks from excessively high disinfectant residuals. The ADWG sets a health limit for chlorine of 5 mg/L.

When a water storage tank is used as the chlorine contact tank as well as for storage for demand management, 
the tank volume can increase and decrease rapidly. When the tank is full, water entering the tank will generally 
stay in the tank for a longer time than when the level is low. In a low tank volume situation, exposure of water to 
the disinfectant may be so short that the disinfectant does not have time to kill the required microbes.  

Using the Ct approach, rather than simply the chlorine residual, has a number of benefits.

1. The Ct of a disinfectant against specific microbes can been determined by research.

2. The effects of pH and temperature can be measured and the Ct adjusted.

3. Operation of the system can be modified to achieve the necessary Ct. For example, flow rates and tank 
volumes can be modified and varied.

4. Greater certainty of microbial disinfection is possible. 

2  NHMRC, NRMMC (2011) Australian Drinking Water Guidelines Paper 6 National Water Quality Management Strategy, Version 3.4 Updated October 
2017, Table IS 1.4.1

3  NHMRC, NRMMC (2011) Australian Drinking Water Guidelines Paper 6 National Water Quality Management Strategy, Version 3.4 Updated October 
2017, Factsheet Hypochlorite, page 1094

4  World Health Organisation (2017) Guidelines for Drinking Water Quality, Fourth edition, Table 8.16, Page 187
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How Do We Measure Ct?

Why Volume Divided by Flow Is Not Good Enough

Water utilities sometimes make attempts to use Ct and do so simply by dividing the volume of the water storage 
tank by the flow to give a detention time. The following example shows why this is not acceptable.

A full 10 ML storage with an average plant flow of 200 L/s (17.3 ML/d) has a detention time of:

10,000,000/200 = 50,000 seconds = 833 minutes (13.9 hours). 

A free chlorine residual of 0.5mg/L at the tank outlet, would provide a Ct of 

Ct = time in minutes * measured residual = 833*0.5 = 416 mg.min/L

 If the same tank was operating at the same flow but at a low level of 3 ML, then the detention 
time would be 

3,000,000/200 = 15,000 seconds = 250 minutes (4.2 hours). 

With the same free chlorine residual of 0.5mg/L at the tank outlet, this would provide a Ct of 

Ct = time in minutes * measured residual = 250*0.5 = 125 mg.min/L  

That is only 30%of the previously calculated Ct!

How the tank is operated affects the disinfection performance.

 
The above approach is fundamentally flawed because it assumes that all water entering the tank stays in the tank 
for the same time, and that there is no short circuiting in the tank. There are many aspects of the tank design and 
operation that affect how water flows in and out of a tank and how long water stays in the tank (Figure 1 and 2). 
These include:

•	 Inlet and outlet pipes close to each other or directly opposite (Figure 1).

•	 Common inlet and outlet pipes (Figure 2). 

•	 Corners or areas of water that do not mix well.

•	 Roof piles or supports that affect the flow of water.

•	 Different shaped tanks (tall and skinny, short and flat, long and straight, long and serpentine).

•	 Very large volumes for demand management.

•	 Short-circuiting due to preferential flow paths and/or stratification.

In addition, inlet and outlet flowrates may be significantly different, or the tank is also used for other purposes like 
the source of backwash water for filters. 
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Figure 1. An example of a tank where the inlet and outlet pipes are quite close to each other and at the same 
level. Short circuiting will certainly occur.

Figure 2. An example of a common inlet/outlet pipe at the bottom of a storage. Short circuiting will certainly occur 
and there will be large pockets of stagnant water at most times in areas of the tank.

Understanding how these features of tanks can affect disinfection performance is essential to achieving good 
water quality outcomes and effective disinfection. 

When short circuiting occurs, the real time that water spends in the tank is reduced, so the time used in calculating 
the Ct must be modified to account for any short circuiting. This will nearly always reduce the Ct thereby resulting 
in less disinfection. 
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Baffling Factors
Determining how the characteristic features of a water storage tank affect the movement of water within the 
tank is a study in hydrodynamics, which can be summarised by the term “baffling factor”. Others may call it a 
short-circuiting factor, mixing factor or dispersion rating. 

There should be nothing baffling about baffling factors.  

Baffling factors (BF) are defined as:

T10 (Time for 10% of the incoming water to pass through the tank to the outlet) 

T (Total theoretical detention time = total volume of water in the tank divided by the flowrate)

This baffling factor is then used in the Ct calculation to change the time water is in contact with the disinfectant 
such that.

Ct = concentration of disinfectant (mg/L)  x  real time the water is in contact with the disinfectant(minutes)

Real time (T10) = Baffling Factor (BF) x theoretical detention time (T)

Some practical examples of this are included below.

Water in a Pipe

When water flows in a pipe at a constant flowrate, there is very little mixing along the length of the pipe, so that 
a volume of water entering the pipe at one end will exit the pipe at much the same time and in much the same 
condition at the end of the pipe.  There is also no possibility of water entering the pipe to short circuit to the outlet 
any faster than the rest of the water.  This no mixing and no short circuiting is the ideal situation and is called 
plug flow. You can think of it as a slug of water passing down the pipe (see Figure 3).  

Figure 3. Plug flow in a pipe. An ideal situation for disinfection.

As all the water passes down the pipe at the same time, the time that the first 10% leaves the pipe is very similar 
to the time that all the water leaves the pipe. This means the baffling factor is 1, the ideal contact tank. 

Water in a Tank

Ideal situations are not present in a real water storage tank. Water from the inlet pipe can short circuit to the 
outlet and leave areas of unmixed water which do not get fully exposed to the disinfectant. When the tank level 
changes, these unmixed areas may enter the outlet with low or no disinfectant. Water entering the tank leaves 
more quickly than the theoretical time.

In terms of water treatment, with some short circuiting in a tank, some of the chlorinated water exits out quite 
quickly, while some is held for a much longer time. The water exiting quickly hasn’t had the required Ct so 
therefore, any pathogens that are present in that water will not be killed and can potentially affect people who 
drink the water. 

Depending on the degree of short circuiting, baffling factors can be anywhere from the ideal pipe plug flow of 1, 
to less than 0.1 for a poorly designed system. Higher baffling factors, mean less short circuiting, a higher Ct, and 
a better disinfection of microbes present.
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For common inlet/outlet tanks and where the inlet and outlet pipes are located close together (Figures 1, 2 and 
4) there will be areas where little or no mixing of water occurs within the tank. The water that does come out 
quickly will not have been in contact with microbes present long enough to achieve the necessary disinfection.

Contaminant 
microbes 
not in 
contact with 
disinfectant

Short circuiting

Figure 4. Possible consequences of short circuiting.

Several methods can be used to reduce short circuiting, including adding baffles, walls and diffusers in tanks. 
These can extend the time the liquid is in the tank and reduce pockets of stagnant water. However, simply 
adding a mixer is not effective. When a tank is completely mixed, some of the water will exit the tank without the 
necessary contact time. Baffling Factors for completely mixed tanks can be as low as 0.1.

Why different contact tank configurations have differing baffling factors in practice is shown in Figure 5.

Poor baffling

A tank with simple inlet 
and outlet with no baffles

Average baffling

Tank with inlet baffles, 
outlet weir and some 

internal baffles

Superior baffling

Tank with distributed and 
baffled inlet, weir outlet 

and many internal baffles 
or perforations

Figure 5. Examples of different types of baffling 53

5  USEPA Disinfection Profiling and Benchmarking Manual 1999 – Appendix D
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An extract from the USEPA Manual of Disinfection Profiling and Benchmarking (1999) is provided in Table 5 and 
gives baffling factors for various types of tanks. In these examples, a pipe is the ideal system and an un-baffled 
tank is the worst. There are similar tables available from other guides and books for more complex designs of 
tanks systems or where more than one water storage tank is used in series. 

Table 5. Summary table of generalised baffling factors 6 

Baffling Condition Baffling Factor Description
Unbaffled (mixed flow) 0.1 None, agitated basin, very low length to width ratio, high inlet and 

outlet flow velocities. Can be approximately achieved in flask mix 
tank.

Poor 0.3 Single or multiple inlets and outlets, no intra-basin baffles

Average 0.5 Baffled inlet or outlet with some intra-basin baffles

Superior 0.7 Perforated inlet baffle, serpentine or perforated intra-basin baffles, 
outlet weir or perforated launders

Perfect (plug flow) 1.0 Very high length to width ratio (pipeline flow) (greater than 40:1), 
perforated inlet, outlet, and intra basin baffles

As can be seen from the different baffling factors, there is a wide range in the possible hydrodynamic performance 
of tanks. Unless specifically designed with baffling factors and disinfection in mind, many real-world water 
storage tanks would be expected to have a baffling factor less than 0.2, and generally around 0.1.  This reduces 
the effective disinfection volume to 10 - 20% of the total volume of the tank for disinfection. There are many other 
influences on water movement around tanks that can also affect the baffling factor. 

Two examples of treatment systems with different hydraulic properties and baffling are shown in Figure 6.

Figure 6. Examples of two different contact tank systems published by the Colorado Department of Public Health 
and Environment 7. The pipe on the left is a plug flow system (long pipe) while the tank on the right has two 
vertical baffle walls.4

6  USEPA Disinfection Profiling and Benchmarking Manual 1999, Table D-5
7  Colorado Department of Public Health and Environment , 2014, Baffling Factor Guidance Manual Determining Disinfection Capability and Baffling 
Factors for Various Types of Tanks at Small Public Water Systems 
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How Do We Measure Baffling Factors for a Real Tank?

Using a Rule of Thumb
Rules of thumb have been used for a long time, and are based on the collective knowledge of trial and error.  They 
are a good guess at the likely performance of a tank’s baffling, but there are so many assumptions and unique 
features of any individual tank that rules of thumb are just a guess. 

The tables of baffling factors (Table 5) are also very subjective as one person may consider their tank to be 
“superior” and another may consider it to be “average”.  What is the difference between “some intra-basin 
baffles” and “other intra-basin baffles”?  

Some rules of thumb have also suffered from the loss of the original research and technical data used in their 
initial development.  This makes explaining the performance a real challenge if an incident investigation occurs. 

To remove any confusion, modelling or testing is needed. 

Computational Fluid Dynamics (CFD) Modelling
CFD modelling is a computer based modelling method, simulating the movement of disinfected water in a tank.  
It requires the internal tank features to be programmed into a computer model and combining these with various 
flow conditions.  Most CFD models require calibration and fine tuning to provide reliable results that are seen in 
a real tank.  Once programmed, the model can predict the likely behaviour of the disinfected water entering the 
tank and produce a simulated output of water exiting the tank.  From this information, the baffling factor can be 
calculated.  

CFD models are valuable tools for designing new tanks and predicting the likely hydraulic and baffling 
performance. However, they need to be validated (proven) in the actual tank under real flow conditions to confirm 
the programming assumptions were correct. 

You might ask, why bother with a computer model if you need to do a tracer test anyway? Computer models can 
be useful in optimising the design in terms of performance, costs, and prevents the more costly exercise of retro-
fitting a tank after it has been put into service and full of water. 

A typical output of a CFD model is shown in Figure 7. It is easy to identify areas of stagnant water and high flow 
velocities from the graphical diagrams produced and make decisions on the extent and cost of baffling required 
to produce the desired performance. Five internal baffles will be less expensive than nine, but will not perform 
as well.

CFD modelling cannot easily model complex tanks without many optimisation trials, but can be easily performed 
at a variety of operational conditions once the original model has been built.  These outputs can then be used to 
predict the flow of disinfectants in the tank.
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Figure 7. Output from a CFD model showing the effect of different numbers of baffles on the flow velocities in 
a tank. Dark blue areas show areas of low velocities and therefore low mixing, where red and yellow areas are 
higher velocities.  

Tracers
The most effective method of determining the baffling factor for a real tank is to use a tracer test.  This method 
tests the tank at a specific operational condition of flowrate and level and involves adding a “tracer” to the inlet 
of the tank and observing the concentration of the tracer at the outlet.  

Tracer testing is a field test which requires the tank to be available for the duration of the test and water to be 
available at the required flowrate. Recirculating water for tracer testing is not feasible as the background level of 
tracer in the inlet water is likely to increase or change over time.  

Selecting a Tracer Compound
There are many possible tracers such as salts, dyes, acids, and radioactive chemicals (isotopes) (Table 6). A 
preferred tracer is a compound that is one that is:

• not removed, altered or generated in the process, 
• easy to obtain in the quantities required, 
• non-toxic to the operators, customers and environment, 
• easily measured and 
• easy to handle. 

The final selection will need consideration of many factors and should consider product water quality (health and 
aesthetics), safety and environmental factors.



11

Table 6. Examples of common tracers and their properties.

Tracer Analytical 
Instrument

Examples Weakness Strengths 

Fluorescent 
dye

Fluorometer Rhodamine WT Can react with chlorine 
to reduce the amount of 
fluorescence.

Limit on maximum 
concentration. 

Widely used as a tracer for drinking 
water at low concentrations.

Easy to add to water and measure 
with an appropriate instrument.

Low absorbance to surfaces. 

Acid pH meter HCl 
(hydrochloric 
acid)

pH changes will differ with 
buffering capacity of water.

May adversely impact other 
treatment processes (e.g. 
coagulation).

May react with other 
compounds.

May result in poor water 
quality outcomes. 

Likely to be available at a treatment 
plant.

Easy to measure with pH meter.

Chlorine Chlorine 
residual meter

Hypochlorite

Chlorine gas

Reacts in water and changes 
over time and decays.  

Difficult to quantify the effects 
of compounds already in 
water (organic material).

Overdosing may be a health 
risk.

Very difficult to get to a zero 
reading at the outlet of the 
tank.

Water produced will not be 
suitable for drinking.

Likely to be available at treatment 
plant.

Easy to add if it is already on-site. 

Chemical 
compounds

Ion selective 
electrode, 
atomic 
spectrometer, 
conductivity 
meter

Fluoride, 
Lithium, Salt 
(Sodium 
Chloride)

Fluoride maximum 
concentration is limited due 
to health impacts at high 
concentrations. 

Lithium will generally require 
samples to be analysed off-
site.

Salt (sodium chloride) will 
have an impact on taste and 
water quality.

Salt can change the density of 
water and cause errors in the 
results.

Where fluoride addition is available 
at treatment plant it may be easy to 
add. 

Fluoride can be measured with 
existing instruments.

Conductivity can be measured 
with existing or online instruments 
however need to determine the 
relationship between conductivity 
and salt concentration first. 

Fluoride, lithium or common salt also 
has the advantage of being able to 
test without interference of chlorine, 
so no need to take the tank offline. 

Radioactive 
isotopes

Radiation 
detectors

Various 
isotopes

Specific occupational and 
health risks associated with 
radioactive material.

Unlikely to be present in the 
background.

Will not be created in the process.
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If large numbers of samples are required to be analysed in an off-site laboratory, this will add to the cost of tank 
testing and the time required to complete tests.  Where on-line analysers are available, measuring tracers will be 
much easier and allows several tests to be completed in a short space of time. 

Using a Tracer to Measure a Baffling Factor
There are two test methods for addition of a tracer which are described as the “Step Dose” and the “Slug Dose” 
methods.  

An example of the “Step Dose” method is to commence addition of a tracer at a fixed dose rate at the inlet to a 
tank and continue dosing until the concentration in the outlet of the tank is the same as the concentration at the 
inlet.  The “Slug Dose” method is like throwing a bucket of a known amount of tracer into the inlet of the tank and 
observing the concentration change at the outlet over time. 

The choice of the tracer test method will depend on the system configuration and practical considerations. 

Selecting a Tracer Test Method
Step Dose tracer testing is most suitable in tanks where there is a long residence time and it is feasible to add a 
tracer compound without adversely affecting the outlet water quality. It has several benefits including not causing 
a high spike of tracer compound in the outlet and can use existing chemical dosing systems if they are available. 
The long test times can become problematic if the volume and flowrate of water available for the test change 
over time, as in a water supply tank. 

Slug Dose tracer testing is probably the most popular and frequently used method as it requires the least 
amount of tracer and the shortest time to complete the tracer testing.  Slug dosing produces a high peak of tracer 
compound and requires a carefully designed sampling program to be sure to capture the initial peak in tracer 
concentration. Spikes in some tracers will not be acceptable for water quality leaving the tank, such as salt, or 
fluoride, where they may cause health or aesthetic concerns. Slug Dosing also requires the actual amount of 
tracer to be known accurately as this is used in the results analysis. It requires the tracer to be added in a short 
space of time to get a reliable test result and for this reason is probably the recommended test.

The differences in tracer compound concentrations at the tank outlet using both dosing methods is shown in Figure 
8, where C is the measured tracer concentration and C0 is the tracer concentration introduced into the tank, e.g. 
set point. Data interpretation is required to plot the observed outlet concentrations into a form enabling the T10 time 
(time for 10% of the incoming water to pass through the tank) to be determined. This figure shows that the peak 
concentration for the slug dose method is much higher than the step dose method, but it lasts for a short timeframe. 

Time (Minutes)

C/
Co

2

1.8

1.6

1.4

1.2

1

0.8

0.6

0.4

0.2

0
0 10 20 30 40 50 60 70

Slug – dose data 

Step – dose data 

Figure 8. Slug Dose and Step Dose tracer test responses (Taken from USEPA
 
8). The red arrow shows where the 

T10 value is determined.5

8  USEPA 1999 Disinfection Profiling and Benchmarking Manual – Appendix D 
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Step Dose Testing

In the example plots in Figure 8, the Step-Dose plot data (triangles) would represent a plant where fluoride 
dosing has been turned on at set point C0.  Initially there would be no fluoride seen at the tank outlet, then the 
concentration, C, would begin to increase at approximately 10 minutes, then slow as the concentration reached 
the set point (C0) at approximately 65 minutes.

Finding the T10 time from the Step Dose method is relatively easy.  On the Figure 8 example, this is the time 
corresponding to C/C0 = 0.1.  That is, the time when the outlet concentration is 10% of the step-dose concentration.  
T10 is approximately 12 minutes from the plot (see the red arrow on Figure 8).

Slug Dose

The Slug-Dose plot data (squares) is where a large known amount of tracer is quickly added to the influent flow 
at the one time.  Initially, there will be no tracer seen in the outlet, then at approximately 10 to 15 minutes, the 
initial high concentration of tracer is seen. Depending on the tank arrangement, this peak may be very high and 
short in duration, or lower and of longer duration.  

This data is not immediately usable for determining the T10 time and baffling factor and requires an extra step to 
convert the measured concentrations into mass values by calculating the area under the concentration versus 
time graph for each concentration measurement. That is, the area between each of the squares in Figure 8. 
These individual mass values are then added together cumulatively until the value reaches the original mass 
value introduced into the tank. This indicates that all of the tracer has exited the tank. The time when 10% of the 
accumulating mass has exited the tank is the T10 time. This is equivalent to when the area under the graph is 
equal to 10% of the total tracer mass introduced. Alternatively, by dividing each accumulating mass value by the 
original tracer mass this gives you values equivalent to C/C0 which ends up looking very similar to the Step-Dose 
curve (see Figure 10) and is then used to find the T10 time at C/C0 = 0.1.

A simple spreadsheet is available on the WIOA website for operational staff wishing to try these methods. An 
example output from the spreadsheet is provided in the Appendix to this paper.

With any tracer test, several other considerations must be assessed during testing.  

•	 The time taken to add the tracer in the Slug Dose test method must be short enough for it to be 
considered a slug dose. 

•	 The total amount of tracer material recovered (measured) at the outlet of the tank needs to be high 
enough to determine that the tracer did not get deposited, consumed, absorbed or lost in the test. 
Greater than 90% is considered essential for a successful test. 

•	 The sampling program needs to be designed to capture the peak in concentration at the outlet of the 
tank. The higher the sampling frequency the better, but manual analysis and sampling becomes more 
onerous. 

•	 The flowrate into the tank needs to be constant for the duration of the test and if the normal operation 
involves variable flowrates, then several flows may need to be tested.  

•	 Any background tracer in the inlet water will need to be known and recirculation of water from the outlet 
to the inlet will cause the testing to fail. Additionally, the tracer concentration on the outlet must be high 
enough to differentiate it from any normal background levels.

Testing may need to be repeated several times to cover different inlet and outlet flow rates and resultant tank 
volumes.
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Case Study 1

A chlorine contact tank installed at a treatment plant has a volume of 83,500 L, two internal baffles situated one 
above the other and an inlet perforated plate mixer (Figure 9).  This is a fixed volume system with the inlet at the 
bottom and outlet at the top.  During commissioning of the plant, a tracer test was performed to determine the 
baffling factor.  

Inlet

Cl2 Cl2 residual meter

Internal 
baffles

Outlet to storage tank

Figure 9. Schematic of the contact tank referred to in case study 1.

For this tracer test, Rhodamine WT was selected and chlorine dosing ceased to prevent bleaching of the dye.  
Rhodamine WT dye can be detected at a low concentration (approximately 0.1 µg/L) with readily available 
instruments. The dye was rapidly injected into the feed pipe of the Contact Tank at the same location that chlorine 
solution was normally added to achieve a slug dose of dye.  

The chlorine dosing at the plant was able to be turned off as it was in a commissioning phase and not supplying 
water to consumers.  For an existing plant, a different tracer material would be required that is compatible 
with the normal plant operation and disinfection. Alternatively, the contact tank could be operated in a “drain to 
waste mode” and rely on the clear water storage to supply consumers during the testing.  This is an important 
consideration in designing a tracer test.  

Several test runs were completed at the maximum flow rate to determine performance at the worst-case 
condition, and another flow condition at approximately half the maximum flow.  

The method of sample collection and analysis in this case involved manual sampling from a sample tap on the 
outlet of the contact tank. Sampling required numerous people due to the frequency of sampling needed to obtain 
a reasonable data set. 

A total of 60 samples of water were taken for each test run. The samples were taken initially at 10 second 
intervals then extending to 20 second intervals in order to capture the initial peak of the tracer.  Samples were 
then analysed in a hand held fluorometer on site. 

A plot of the data results and its interpretation for test run 1 is included in Figure 10.  The top graph is just the raw 
data taken from the fluorometer showing the concentration of the dye against time. This is a typical plot of a slug 
dose response. The data is then converted into a step dose response equivalent graph. This involves calculating 
the cumulative percentage of Rhodamine, C, compared to the total amount added at the start of the test, C0. This 
is done by calculating the area under the graph for each measured concentration divided by the total amount 
introduced, which is then added together to the previous result cumulatively. The value accumulates until C/C0 
= 1 is reached.
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Figure 10. Slug dose raw data and step equivalent for test 1.

The T10 time is read from the step change equivalent when 10% of the total dye has exited the contact tank, 
that is C/C0 = 0.1. Table 7 shows the three test results obtained for the contact tank shown in Figure 9 and 
corresponding baffling factors obtained in the case study.  

Table 7. Tracer test results and the determined baffling factors

Test 1 Test 2 Test 3

Contact tank volume (L) 83,500 83,500 83,500

Test flowrate (L/s) 231 231 115

Theoretical detention time (s) 83,500/231 = 361 83,500/231 = 361 83,500/115 = 726

T10 time from data(s) 172 (see Fig 10) 186 300

T10/T (Baffling Factor) 172/361 = 0.47 186/361 = 0.51 300/726 = 0.41

Based on the definitions in Table 5 and the measured baffling factors shown in Table 7, this contact tank can be 
described as “Average” with the inlet or outlet baffled with some intra-basin baffles.  
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The design intent for this contact tank was to achieve a baffling factor of 0.5.  Tracer testing confirmed a baffling 
factor of 0.49 (average of the 2 high flow test runs) at a high flow condition.  

The half flow test condition showed that the baffling factor reduced with the lower flowrate.  This is due to the 
lower flow providing less mixing energy from the flow velocities and larger areas of stagnant water in the tanks. 
At the lower flow there is also a greater tendency for short circuiting.

In practice, the lower flowrate also increases the residence time in the tank. At the same outlet concentration of 
disinfectant from the tank, the lower flowrate provides a greater Ct in this case.  However this is not always the 
case and needs to be carefully considered. 

Other case studies are included later in this document.

What to Do Once You Have a Baffling Factor
Once a baffling factor has been determined, it can be applied to calculating the Ct. 

Firstly the actual volume of water in the tank (for whatever set of conditions the Ct needs to be determined) 
divided by the flow rate gives the theoretical detention time. The calculated value is then just multiplied 
by the baffling factor to give a realistic value for the detention time. Then this new value is used to 
determine the Ct as shown in the box below.

A 10 ML storage with an average plant flow of 200 L/sec (17.3ML/d) has a theoretical detention  
time TD of:

10,000,000/200 = 50,000 seconds = 833 minutes (13.9 hours).

A free chlorine residual of 0.5mg/L at the tank outlet, would provide a Ct of 

Ct = time in minutes * measured residual = 833*0.5 = 416 mg.min/L

However, the tank does not have any internal baffles and a tracer study showed it has a baffling 
factor of 0.2 at the full flow of 200 L/s.

Therefore, correcting the detention time for the baffling factor, the detention time is:

T =  TD * baffling factor = 833 x 0.2 = 167 minutes  

A free chlorine residual of 0.5mg/L at the tank outlet, would provide a Ct of 

Ct = time in minutes * measured residual = 167*0.5 = 83 mg.min/L

VERY DIFFERENT from the Ct of 416 calculated initially.

Similarly if the tank was operating at the 3 ML level and the baffling factor was still 0.2, the Ct  
would be only be 25 mg.min/L which is really getting a bit low. In practice, the baffling factor  
would be lower at the lower level, further reducing the Ct. 

If the baffling factor at low level was tested and found to be 0.12 then the Ct would be:

3,000,000/200 = 15,000 seconds (250 minutes or 4.2 hours)

T = TD * baffling factor = 250 x 0.12 = 30 minutes

Ct = C * T = 0.5mg/L * 30 min = 15 mg.min/L

Water volumes in storage tanks or contact tanks can change in many water supply systems. For the case 
study given above, the tank remained full and only changed a small amount between no flow, half and full flow 
conditions. This would be the case for systems that have a high-level outlet weir, but these do not provide an 
operating volume for variable supply of demand flows. However, where typical clear water storages are used 
for both disinfection and water supply demand management, as in clear water storages, the tank volume and 
flowrates in and out of the storage can change significantly during normal operation. 

In these situations, the worst-case volume and flowrates need to be identified and the system tested under those 
conditions.   
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Water Treatment Implications and Importance
With improvements in understanding of the microbial challenges faced by water supply systems and their 
operators in protecting public health, there has been an increased focus on treatment process capability in 
managing those challenges.  

The Australian Drinking Water Guidelines and World Health Organisation Guidelines refer to the use of 0.5mg/L 
of chlorine for 30 minutes as the required conditions for disinfection. This is equal to a Ct of 15 mg.min/L and 
suitable for bacteria and viruses, but not suitable for protozoa (refer to Table 2).  

Chlorine is effective for disinfection of both viruses and bacteria and it is relatively easy to achieve 99.99% (4 log) 
removal of these organisms using chlorine disinfection. Recent research into some microbial susceptibility has 
highlighted other influencing factors that need to be considered. Table 8 shows the effect of pH on the Ct required 
to achieve 4 log removal for two viruses. Depending on the operation of the overall treatment plant, the 0.5mg/L 
for 30 minutes (Ct =15 mg.min/L), may not be enough to kill the target pathogens.   

Table 8. Comparison of USEPA and recent research of Ct for virus disinfection to achieve 99.99% (4 log) removal.

Hepatitis A (USEPA, 1999) Coxsackie B5 (Black et al, 2009, Keegan et al, 2012)9 

Ct = 8 mg.min/L between pH 6 and 9 at 5 °C Ct = 11 for pH less than 7.5 at 5 °C

Ct= 27 for pH less than 9 at 5 °C

This is because at higher pH values, there is much more hypochlorous ion (OCl-) in the water than hypochlorous acid 
(HOCl) (refer to Table 3) and hypochlorous ion (OCl-) is a much weaker disinfectant than hypochlorous acid.

Understanding the method of disinfection, whether it is in a purpose-built contact tank or a clear water storage, the 
flow and volume considerations of the tank operation and other water quality information such as pH, temperature 
and turbidity will all contribute to greater certainty in the control of microbial pathogens. 

Real World Considerations

While it would be nice to have purpose-built contact tanks with excellent baffling, the reality is quite different. 
New plants and new contact tanks are not built every day, so operational staff must understand and work with 
the assets as they exist at the present time. Some key things to understand in any disinfection system are: 

What is the system trying to achieve? Have the treatment targets been defined based on the microbial risks and 
Ct or just on chlorine residuals? 

•	 Do you know how the water system works and changes with demand? This will set the minimum and 
maximum tank operating volumes and the range of flow rates.

•	 Do you know what is in the tank? Are the inlet and outlets baffled or are the inlet and outlet pipe very 
close to each other?  What internal structures are present? This will give some ideas about the tank 
baffling factor.

•	 Has a tracer test been done on the tank? Can one be done? Determining the baffling factor will give the 
best information on the tank and disinfection performance.

•	 Is on-line monitoring of disinfectant residual occurring? Is the analyser in the right place? Do you know 
how long water from the sampling point takes to get to the analyser? How often is the analyser calibrated 
and checked on site? Is pH measured at the same place as the disinfectant? Is the analyser measuring 
the right thing and in the right range (free chlorine, total chlorine)? All of these inform on the reliability 
of the on-line analyser readings.

•	 Have the right operational alarms (alerts, critical limits) been programmed into the control system? Are 
timer delays as short as practical? Have alarms been tested?  Do they call the right person or operator? 
Do they shut the plant or flow when activated? Without automated process monitoring and alarms, 
operators cannot respond to the loss of disinfection, or overdosing events. 6

9  DHHS 2013, Guidelines for validating treatment processes for pathogen reduction, Supporting Class A recycled water schemes in Victoria, Table 9
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Risk Management and Baffling Factors

Identification of the primary disinfection step as a critical control point in the production of safe drinking water 
is an essential element in the operation of a water supply system. As such, targets and critical limits must be 
identified. However, specifying these in terms of free chlorine or total chlorine alone is no longer adequate.

The operational targets, alarms and critical limits need to be specified in terms of Ct and be based on accurate 
determinations of baffling factors and the target microorganisms. The Ct and specific plant conditions can be 
used to calculate a minimum required disinfectant residual, but the operator needs to understand why this 
will change with flowrates and tank levels. Where the baffling factors are low, and as a result the Ct values are 
lower than needed, risk assessments in the Drinking Water Quality Risk Management Plans should identify this 
and implement plans to improve the Ct and disinfection with some urgency. Modifications to tank pipework 
arrangements and introduction of baffles can have a dramatic effect on improving hydraulic performance, baffling 
factors and disinfection Ct. Improved mixing of the disinfectant with the water can also help. However, simply 
adding a mixer to a tank will not help in improving a baffling factor. Whilst mixers can be important in reducing 
or eliminating dead spots in tanks, care is needed where the Ct is marginal. In the absence of baffles in a tank, 
addition of a mixer could effectively reduce the Ct by reducing the T10 . Where a mixer is retrofitted into a tank, 
this should trigger a review of any previous Baffling Factor test results and Cts for disinfection to ensure that the 
disinfection objectives are achieved.

Monitoring of disinfection performance should be based on online determination and trending of Ct rather than 
disinfectant residual where this is possible.

All these issues should be considered and included as part of the overall management of microbial risks to 
customers in Drinking Water Quality Risk Management Plans for each primary disinfection site.
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Additional Case Studies

Case Study 2

At a treatment plant, the chlorine contact tank consists of two circular tanks in series (Figure 11). Each tank has 
a volumetric capacity of 105,000 L. The tanks are operated in a fill and draw mode. During production of water, 
the tanks fill to top water level, before a high lift pump transfers water to customers. The minimum water level 
in both tanks is 25%.

Inlet chlorine dosing

Low level 
connection pipe

Chlorine Contact Tank No. 2/ 
Water Storage Tank

Chlorine Contant Tank No. 1

To Storage and use

PLAN

High Level

High Lift 
Pump Station

Figure 11. Schematic of the contact tank referred to in case study 2.

When the plant is operating at 25 L/s filling into the chlorine contact tank and with the high-lift pumps withdrawing 
at 25 L/s, Tank No 1 operates at top water level, i.e. 105,000 L volume. In order to pass 25 L/s from Tank No 1 
to Tank No 2, Tank No 1 needs a driving gravity head at the top water level to overcome the pipe restriction of 
the connection pipe (100 mm diameter and smaller valve restriction). Therefore, under peak flow conditions, the 
chlorine contact tank operates with Tank No 1 at full level and Tank No 2 varies from bottom water level (25%) 
to top water level (100%).

At commissioning, no tracer testing was undertaken for the chlorine contact tank and as such a default baffling 
factor of 0.1 was used as the most conservative approach to disinfection until the water utility undertook tracer 
testing to better determine the baffling factor. 

The water utility elected to use Rhodamine WT dye tracer in a slug dose method for the tracer testing, as there 
were practical limitations to the addition of a constant step-dose method. The slug dose method allowed for a 
quicker turnaround for testing. As the plant was offline for maintenance, chlorine dosing was discontinued for 
the week prior to tracer testing. The tanks were pumped down and then filled with water with enough sodium 
bisulphite to de-chlorinate any residual chlorine in the tanks. 

The addition of tracer into the chlorine contact tank was achieved by injecting the tracer through a chlorine 
sampling point approximately 10 m upstream of the contact tank. The Rhodamine WT dye (9 grams) was dissolved 
into 2 litres of non-chlorinated water. The dye solution was injected with water pressure from a nearby water 
supply in approximately 10 seconds. 
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A hand-held fluorometer was used to continuously measure the fluorescence on the outlet of Tank No 2 at 15 
second intervals. 

The theoretical detention time and minimum test duration for tracer testing undertaken at a flow rate of 25 L/s is 
described in Table 9. This is based on the usable tank volume of 105,000 L for Tank No 1 (100% level) and 26,250 
L for Tank No 2 (25% level), giving a total volume of 131,250 L.

In general, samples should be collected for at least 2 times the theoretical detention time (Table 9) or until the 
tracer concentration returns to near the background levels. In practice it may be up to 3 times the theoretical 
detention time. Therefore, in practice it involves a little bit of trial and error. For these reasons, it is useful to 
undertake a practice run first. 90% of the tracer mass must be recovered for a valid test result. 

Table 9. Tracer testing conditions.

Treatment Plant Flow 
Rate (L/s)

Total Contact Tank 
Volume (L)

Theoretical Detention 
Time (min)

Minimum Test 
Duration (min)

25.0 131,250 87.5 (5250 seconds) 175

The area under the graph for each of the measured concentrations over time were calculated. The cumulative 
results for the slug dose test, that is, the total amount of Rhodamine WT that has come out of the tank at the point 
in time expressed as the proportion of the total amount injected, C0, are shown in Figure 12. 
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Figure 12. Slug-dose step equivalent for the tracer test for the chlorine contact tank shown in Figure 11.

From the graph, the T10 can be read of at the point where C/Co is equal to 0.1 (i.e. when 10% of the total tracer 
mass has passed through the contact tank). This gives a T10 value of 1368 seconds. 

The baffling factor could then be calculated by dividing the T10 time by the theoretical detention time shown in 
Table 9.

Baffling Factor  =  T10/TDT

  = 1368/5250

  = 0.26

The baffling factor of 0.26 is in the Poor to Unbaffled range of results defined by the US EPA, which is not 
unexpected as there are no internal baffles in the tanks. The two tanks in series do provide a benefit over one tank 
used alone. The 100 mm pipe connecting the two tanks together may have reduced the baffling factor compared 
to a more suitably sized connection.
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Case Study 3

At a water treatment plant, the chlorine contact chamber consists of two sections of pipe in series (Figure 13). The 
first section consists of 55 m of 200 mm diameter pipe. The second section consist of 13 m of 900 mm diameter 
pipe. The chlorine residual was measured by an on-line chlorine analyser at the end of the 900 mm diameter pipe 
before treated water was delivered to a large storage tank. 

The overall length of 68 m is deceptive in this case as the majority of the volume (82%) is in the last 900 
mm diameter section of pipe. The length:diameter ratio for this second section of pipe is only 14.5:1, which 
is considerably less than the minimum of 40:1 recommended for plug flow conditions (see Table 5 above). In 
comparison, the 200 mm diameter section has a length:diameter ratio of 275:1, which is well above the 40:1 
ratio, but it holds only 18% of the total volume (9,998 L).  A tracer test was required to determine the baffling 
factor of the combined pipe used as a chlorine contact tank. 

Section 1: 
55mm of DN200 pipe section Section 2: 

13m of DN900 pipe section 
82% of overall chlorine contact volume 
Length: Diameter ratio = 14.5:1 (<40:1 recommended)

Figure 13.  Details of the chlorine contact pipe.

The water utility elected to use Rhodamine WT dye tracer in a slug dose method for tracer testing in a similar way 
to that described for Case Study 2.

The Rhodamine WT dye (1.5 g) was dissolved into 2 litres of water and the dye solution injected with water 
pressure from a nearby water supply in approximately 5 seconds. 

A hand-held fluorometer was used to continuously measure the fluorescence on the outlet of contact pipe at 15 
second intervals. Two tests were completed, one at 23 L/s and a second test at 28 L/s. 

The results and the calculated baffling factors are shown in Table 10. 

Table 10. Results of the tracer test for the chlorine contact pipe.

Run Average Flow 
(L/s)

Dye Recovery 
(%)

Test 
Duration 

(min)

Theoretical 
Detention Time 

(min)

T10 
(sec)

Baffling 
Factor

1 23.1 67.3 22.0 7.1 308 0.73

2 27.8 95.5 18.3 5.9 279 0.79

The dye recovery for Run 1 was 67.3%, which is below the required minimum recommended 90% recovery  rate. 
It is suspected that the reason for the lower recovery was possible residual chlorine in the contact pipe which 
took longer than expected to dissipate, which destroyed some of the dye. The dye recovery for Run 2 was 95.5%, 
which is above the minimum recommended of 90% recovery. Consequently, Run 2 was used for the purposes of 
establishing the baffling factor of the contact pipe, which was 0.79.

This result shows that the baffling factor for the pipe system was in the “Superior” range of baffling factors (see 
Table 5). 
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Case Study 4

A series of tracer studies were completed to quantify the baffling factor for a large, octagonal, 200 ML clear water 
storage tank, which was split into two 100 ML cross-connected halves. The tank was assumed to have some sort 
of baffling due to the separation of the tank halves and separate inlets, cross-connection and common outlet. The 
tank was allocated a poor baffling factor of 0.3 based on the descriptions in Table 5.  

The tracer study was completed to test this assumption. The treatment plant had a maximum capacity of 560 
ML/d and dosed chlorine and fluoride on the inlet to the tank, with analysers for both parameters on the inlet and 
outlet.

The step method was used to determine the baffling factor. A lot of historical trend data was able to be analysed 
for times when the fluoride plant was restarted after being offline. With fluoride as the tracer, this data was able 
to be collected over several historical events for varying plant flow rates which enabled the baffling factor to be 
evaluated for each case. Event data was only able to be used when the measured fluoride concentration had 
reached approximately zero. Data was then evaluated from the time the fluoride plant returned to service to when 
the tank outlet concentration reached the setpoint of 0.9 mg/L. Additionally, the data for when the fluoride plant 
was shut down was also collected as a comparison.

Analysis of the step data showed that the average baffling factor ranged between 0.10 and 0.30 depending 
on the detention time through the tank. The baffle factor was found to be slightly improved for lower flows 
(approximately 500 to 600 minute detention times) and deteriorated during the higher flows (detention times 
greater than 1200 minutes). The data is summarised in Figure 14.
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Figure 14. Summary of the average baffle factors determined via the step method using graphical and numerical 
evaluation for T10. The error bars show the standard deviation of results where data for similar conditions was 
available.

From the study, the baffling factor ranged from 0.1 to 0.3 depending on the flow rates. Based on this the more 
conservative baffle factor of 0.1 was applied in the Ct calculation for alarming purposes. Fortunately, the impact 
to Ct was not significant from an operational point of view due to the much higher chlorine residuals required to 
meet customer expectations in the distribution systems, hence also adopting the conservative baffling factor.
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Case Study 5

A tracer test was completed on a tank at a treatment plant using salt as the tracer. The plant had an average 
flow of 3.8 ML/d with a maximum capacity of 6.0 ML/d. The tank had an average volume of 3.64 ML. The tank 
was a circular with a diameter of 30 m, height 6.6 m. The inlet entered the tank with a riser on one side and the 
outlet, on the tank floor, was approximately 120 degrees from this. The assumed baffle factor was 0.3 due to 
the location of the tank inlet and outlet and assumed mixing. Chlorine was dosed into the inlet pipe just prior to 
entering the tank. 

A salt solution (17.9 kg in 65 L) was made up and dosed into the main just upstream of the tank prior to starting 
the plant.  The solution concentration used was calculated to give an appreciable increase in conductivity above 
the background level, accounting for short-circuiting, without significantly impacting the water quality. This was 
estimated to be a change from 10 µS/cm up to a maximum of 33 µS/cm. The plant was started up and the 
conductivity of the water was monitored continually via a conductivity probe in a bucket receiving a sample off 
the outlet main (Figure 15). There was an initial spike (Figure 15) that came through shortly after the salt was 
introduced, which was found to be more than 17% of the initial salt mass.

Ou
tle

t C
on

du
ct

iv
ity

 (u
S/

cm
)

Time (min)

0 50 100 150 200 250 300 350

54

53

52

51

50

49

48

47

46

45

44

43

Figure 15. Plot showing the reservoir outlet conductivity over time. The initial spike was found to be the salt 
passing through the tank which correlated to 17% of the salt introduced and was more than enough to evaluate 
the T10 value.

The theoretical detention time was evaluated using the average flow (3.8 ML/day) and tank volume (3.64 ML) 
over the duration of the test and the conductivity increase was related to the salt concentration, and therefore 
mass. The slug-dose step equivalent plot for the same data is shown in Figure 16.
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Figure 16. Slug-dose equivalent plot showing the cumulative fraction of salt (F) exiting the tank divided by the 
total amount of salt added was plotted over time and used to evaluate the t10 time when 10% of the salt came out.

The baffle factor was found to be 0.04, which was much lower than expected. 

The data was checked by increasing the inlet chlorine residual and monitoring the outlet chlorine residual, and 
by evaluating other such events. The data collected confirmed the very poor baffling factor.

Given the check of the baffle factor between the salt test and historical chlorine residual tests gave similar 
results, it was determined that the baffle factor obtained was correct. As a result, this new baffle factor was 
updated in the Ct calculation.
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Appendix. Example Output from the Spreadsheet Calculator

The columns highlighted in yellow are the entered data from the slug dose test in the field. The other numbers 
are filled in by the spread sheet. The T10 is shown in the last column.

Data point
Time 
(min)

Time 
(s)

Tracer 
(ug/L)

Tracer C/
C0

Incremental 
Area (ug-min/L)

Cumulative Area 
 (ug-min/L)

Equivalent 
Step-Dose 
Data (C/Co)

Interpolating to 
find time at C/C0 
= 0.1 (T10)

0 (tracer 
addition) 0 0 0.0 0 0.00 0.00 0.00  

1 3 180 0.0 0 0.00 0.00 0.00  

2 6 360 0.0 0 0.00 0.00 0.00  

3 9 540 0.0 0 0.00 0.00 0.00  

4 12 720 22.3 0.446 267.60 267.60 0.02  

5 15 900 76.8 1.536 1152.00 1419.60 0.11 14.6

6 18 1080 81.7 1.634 1470.60 2890.20 0.23  

7 21 1260 42.1 0.842 884.10 3774.30 0.30  

8 24 1440 44.6 0.892 1070.40 4844.70 0.38  

9 27 1620 27.3 0.545 735.75 5580.45 0.44  

10 30 1800 24.8 0.496 744.00 6324.45 0.50  

11 33 1980 29.7 0.594 980.10 7304.55 0.58  

12 36 2160 17.3 0.346 622.80 7927.35 0.63  

13 39 2340 9.9 0.198 386.10 8313.45 0.66  

14 42 2520 17.3 0.346 726.60 9040.05 0.72  

15 45 2700 9.9 0.198 445.50 9485.55 0.75  

16 48 2880 14.9 0.298 715.20 10200.75 0.81  

17 51 3060 9.9 0.198 504.90 10705.65 0.85  

18 54 3240 4.9 0.098 264.60 10970.25 0.87  

19 57 3420 7.4 0.148 421.80 11392.05 0.90  

20 60 3600 9.9 0.198 594.00 11986.05 0.95  

21 63 3780 4.9 0.098 308.70 12294.75 0.97  

22 66 3960 4.9 0.098 323.40 12618.15 1.00  

23 69 4140 0.0 0 0.00 12618.15 1.00  

24 72 4320 0.00 0 0.00 12618.15 1.00  

    Total Area 12618.15    

A spreadsheet calculator is provided on the WIOA website at https://wioa.org.au/resources/




