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Foreword 
The Australian chicken meat industry grows approximately 500 million chickens producing 800,000 
tonnes of meat annually. Meat chicken farms are often built close to feed supply and meat processing 
infrastructure, with associated markets and labour force. Positioning poultry farms close to essential 
infrastructure usually means that the farms are also close to urban and rural-residential developments. 
Close proximity of neighbours to poultry farms can result in adverse impacts, primarily due to odour. 
Odour impacts are recognised as an issue by the Australian chicken meat industry and are most 
effectively minimised through the provision of adequate separation distance between farms and 
neighbours, which allows odour dispersion. 

This investigation focused on two topics relating to the calculation of separation distances: thermal 
buoyancy; and assessment of a proposed separation distance formula (for use in Queensland). 
Addressing these topics has resulted in an improved understanding of thermal buoyancy of broiler 
odour plumes; plume rise; and how dispersion modelling simulates the effects of thermal buoyancy. 
Also, it will demonstrate how well the proposed separation distance formula compared with odour 
dispersion modelling. 

The results of this investigation will benefit environmental regulators, the community and poultry 
producers by improving understanding of how odour plumes behave and highlighting potential 
shortcomings of the techniques used to calculate separation distances. These will lead to improved 
estimation of odour impacts and provide improved protection against odour nuisance from new or 
expanding broiler farms. 

This work found that air exhausted from broiler sheds is frequently warmer than ambient air, and will 
therefore usually rise. Realistic emission temperatures should therefore be used during dispersion 
modelling rather than ignoring thermal buoyancy. However, odour dispersion modelling did not 
appear to accurately simulate this rise and thus may over-predict ground level odour impacts. Despite 
this finding, emission temperatures influenced the estimation of separation distances when modelling 
hypothetical broiler farms.  

The proposed separation distance formula was found to estimate longer separation distances than 
Calpuff in most instances, but was inconsistent when conditions (especially wind, terrain and surface 
roughness) favoured extensive plume travel. 

This project was funded from industry revenue which was matched by funds provided by the 
Australian Government. 

This report is an addition to RIRDC’s diverse range of over 2000 research publications and it forms 
part of our Chicken Meat R&D program, which aims to support increased sustainability and 
profitability in the chicken meat industry through focused research and development. 
 
Most of RIRDC’s publications are available for viewing, free downloading or purchasing online at 
www.rirdc.gov.au. Purchases can also be made by phoning 1300 634 313. 

 

Tony Byrne 
Acting Managing Director 
Rural Industries Research and Development Corporation 



 

iv 

Acknowledgments 
The authors would like to thank the broiler farm manager, who accommodated our installation of the 
temperature sensor array and fan activity monitoring system, and the odour modelling consultants for 
contributing their time and expertise to this investigation. 

We would also like to acknowledge RIRDC and The Department of Employment, Economic 
Development and Innovation (DEEDI), for funding and supporting this investigation. 

 

 

 

 



 

v 

Contents 
Foreword ................................................................................................................................................ ii 

Acknowledgments ................................................................................................................................. iv 

Executive Summary ............................................................................................................................. vii 

Introduction ........................................................................................................................................... 1 

Background ....................................................................................................................................... 1 
Objectives and outline of activities in this investigation .................................................................. 5 

Understanding the temperature environment in and around broiler sheds .................................... 7 

Relationship between target production temperature and in-shed temperature .......................... 7 
Relationship between in-shed temperature and ambient temperature .......................................10 

Summary of the temperature environment of broiler sheds .............................................................11 

CFD modelling of shed exhaust .......................................................................................................... 12 

Methodology ....................................................................................................................................12 
Results and discussion .....................................................................................................................13 

Visualising exhaust plumes and measuring temperature profiles .................................................. 15 

Methodology ....................................................................................................................................15 
Description of the shed used during the temperature monitoring study ....................................15 
Temperature sensor array ..........................................................................................................16 
Fan activity monitoring .............................................................................................................20 
Weather station ..........................................................................................................................21 
Using smoke to visualise exhaust plumes .................................................................................22 

Results and Discussion ....................................................................................................................23 
Summary of data collection .......................................................................................................23 
Smoke visualisation of exhaust plumes .....................................................................................23 
Exhaust plume temperature profiles ..........................................................................................32 

Summary of plume visualisation and temperature profiles ..............................................................37 

Comparison of separation distance formulas with Calpuff modelling ........................................... 39 

Methodology ....................................................................................................................................40 
Comparing separation distance formulas to existing broiler farm scenarios modelled 
with Calpuff ...............................................................................................................................40 
Modelling hypothetical broiler farms with Calpuff and calculating separation distances ........41 

Results and Discussion ....................................................................................................................43 
Comparison of Calpuff and separation distance formulas for existing farms ...........................43 
Comparison between Calpuff and separation distance formulas for hypothetical farms ..........46 
Effect of emission temperature and source configuration on predicted odour impacts 
using Calpuff at hypothetical farms ..........................................................................................55 
Assessment of the effect of farm size on prediction of separation distances ............................56 
Summary of comparison between Calpuff and separation distance formulas for 
hypothetical farms .....................................................................................................................61 

Conclusions .......................................................................................................................................... 62 



 

vi 

Thermal Buoyancy ....................................................................................................................62 
Separation distance formula ......................................................................................................63 

Implications .......................................................................................................................................... 65 

Recommendations ............................................................................................................................... 66 

References ............................................................................................................................................ 67 

Appendix 1:  CFD modelling report ............................................................................................ 1-1 

Appendix 2:  CFD outputs: Plume concentrations ..................................................................... 2-1 

Appendix 3:  CFD outputs: plume temperatures ....................................................................... 3-1 

Appendix 4:  CFD outputs:  plume vertical velocity .................................................................. 4-1 

Appendix 5:  Plume temperature profiles ................................................................................... 5-1 

Appendix 6:  Report for Calpuff modelling hypothetical broiler farms .................................. 6-1 

Appendix 7:  Report for Calpuff modelling hypothetical broiler farms .................................. 7-1 

Appendix 8:  Existing farms - Separation distance formula calculations ................................ 8-1 

Appendix 9:  Hypothetical farms - Separation distance formula calculations ........................ 9-1 

 



 

vii 

Executive Summary 
What the report is about 

This report has two themes: thermal buoyancy of broiler odour plumes; and comparison of separation 
distance formulas and Calpuff modelling for determining separation distances to minimise odour 
impacts. 

The thermal environment in and around broiler sheds influences the dispersion of odour plumes; 
however, this environment is not well understood and it has been unclear how well odour dispersion 
models simulate the buoyancy (causing vertical rise) and subsequent dispersion of plumes. This work 
and report improves the understanding of thermal gradients between the usually warmer air exhausted 
from broiler sheds and ambient air; and demonstrates how exhausted air interacts with the surrounding 
environment.  

Separation distances are calculated using odour dispersion modelling or separation distance formulas. 
The formulas offer a low-cost, simple and more transparent method to estimate separation distances. A 
separation distance formula (for broiler farms) has been proposed for use in Queensland, but required 
additional testing to validate it and support its adoption. Separation distance formulas were compared 
against Calpuff modelling using a variety of broiler farm scenarios and the Queensland odour impact 
criteria. 

Information contained in this report challenges the current techniques for modelling broiler farm 
odours (with relation to emission temperatures) and calculating separation distances. 

Who is the report targeted at? 

This report is written for: 
• current and future poultry producers, who may require dispersion modelling while undertaking an 

odour impact assessment;  
• the chicken meat industry, which is under pressure to reduce odour and dust impacts and needs to 

ensure that separation distances are adequate to protect neighbours from most odour impacts, but 
not so excessive that the costs and availability of acquiring land unnecessarily restricts new 
developments and industry expansion; 

• environmental regulators/government agencies, who require supporting evidence when making 
decisions relating to odour dispersion modelling and the calculation of separation distances; and 

• consultants, who undertake odour impact assessments and need to ensure that the selection of 
inputs for modelling adequately represent the broiler farm scenario. 

 
Background 

Currently, the most effective way to minimise odour impacts is to provide adequate separation distance 
between the source and receptor thereby improving/increasing odour dispersion. Techniques used to 
predict odour impacts or calculate separation distances include odour dispersion modelling and 
separation distance formulas (or tables of set distances).  

Odour dispersion models (for example Calpuff) cannot accurately simulate the horizontal dispersion 
and low temperature differential thermal buoyancy of broiler shed odour plumes. Modellers have 
developed ways to represent the horizontal emission; however, consensus cannot be reached on the 
most appropriate way to model plume thermal buoyancy.  

Separation distance formulas offer an alternative to dispersion modelling and a significant cost 
advantage when they can appropriately be used. A separation distance formula has been proposed for 
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use in Queensland. Further evidence to support the use of this separation distance formula will be 
required if it is to be adopted. 

Aims/objectives 

The aims of this investigation were to: 

• demonstrate that Calpuff accurately simulates the rise and dispersion of odorous air exhausted 
from broiler sheds with the use of computational fluid dynamics (CFD) modelling. This will 
include an analysis of parameters, especially exhaust temperature, that affect plume buoyancy; 

• monitor the temperature of air exhausted from a poultry shed in order to assess temperature 
gradients with ambient air, and to demonstrate how air temperature changes as the poultry exhaust 
air mixes with ambient air; and 

• verify the separation distance formula, as specified in the Draft best practice technical guide for 
the meat chicken industry in Queensland (Queensland Chicken Growers Association, 21 October 
2005), for calculating separation distances, using Calpuff. 

Methods used 

An array of temperature sensors was installed downwind from the tunnel ventilation fans of a broiler 
shed to measure the temperature of the exhausted air. Temperature data was processed along with on-
site weather conditions and fan activity to assess temperature gradients and plume movement 
immediately after exiting the broiler shed. Smoke was used in a complimentary activity to enable 
visualisation of the exhaust plume. 

A CFD model was configured to simulate the rise and dispersion of odour plumes from a broiler shed. 
The influence of environmental and shed management factors on thermal buoyancy was assessed 
(including exhaust temperature; wind speed; shed orientation with the wind; and fan activity). Calpuff 
was used to model the same range of scenarios and predicted odour concentrations were compared 
against the CFD model. 

Separation distances were calculated with various separation distance formulas for comparison against 
odour impact contours generated using Calpuff. A variety of actual (based on existing enterprises) and 
hypothetical broiler farm scenarios were used. For the hypothetical broiler farms, additional Calpuff 
modelling was undertaken to assess the influence of emission temperature on predicted odour impacts. 

Results/key findings 

• Air exhausted from broiler sheds will frequently be warmer than ambient air. 

• When warm air is exhausted from broiler sheds (even when only 1–2 °C warmer than ambient), it 
rises. The position and rate of rise is influenced by the temperature differential, wind conditions, 
atmospheric stability and fan activity. 

• Compared with the CFD model, Calpuff did not simulate plume rise from broiler sheds. This may 
result in over estimation of odour impacts at ground level, and raises the possibility of under 
prediction of odour impacts for elevated receptors. 

• Exhaust temperature influenced the prediction of odour impacts using Calpuff. In general, setting 
the emission temperature to be equal to target production temperatures resulted in shorter 
separation distances than if the emission temperature was equal to ambient temperature. 

• Modelling broiler sheds as a volume source, rather than a point source (using stacks), changes the 
prediction of odour impacts in Calpuff. 
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• The proposed Queensland separation distance formula calculated longer, more conservative, 
separation distances than Calpuff for the majority of scenarios; however, it substantially under-
predicted separation requirements in some cases. 

Implications for relevant stakeholders for: 

Outcomes from this report may change the way that separation distances are currently estimated for 
broiler farms. In particular, the adoption of a single methodology for modelling odour emissions from 
broiler sheds, using realistic shed emission temperatures (not ambient), will result in a more consistent 
approach to modelling odour impacts. This will reduce contention of modelling outcomes, and 
decrease the frequency of appeals during the development assessment process. 

Recommendations 

• Poultry sheds should be modelled to include thermal buoyancy by using emission temperatures 
that represent the actual emission temperature rather than ambient temperatures. 

• A single methodology regarding source configuration and the selection of emission temperature 
inputs needs to be adopted to ensure consistency in modelling results when using Calpuff. 

• The proposed Queensland separation distance formula should be considered for adoption because 
it calculates conservative separation distances most of the time. Some modifications to the 
formula’s methodology may improve its reliability.  

• Elongated odour impact contours determined with Calpuff should be verified against odour 
complaint data to ensure that such extensive separation distances are required to prevent odour 
nuisance. 
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Introduction     
Background 
Odours emitted from broiler farms have the potential to be detected by nearby neighbours. Repeated 
detection of these odours may cause annoyance and result in odour complaints (Environmental 
Protection Agency (UK), 2001). Presently, the most effective ways to minimise odour nuisance are to 
use management practices that moderate odour generation, and to site the farm with appropriate 
separation distances and buffer zones to ensure that emitted odours can disperse before reaching 
nearby receptors.  

When a new broiler farm (or expansion to an existing broiler farm) is proposed, it will be the subject 
of an odour impact assessment. The assessment process considers features of the farm, natural 
landscape and location of sensitive land uses or receptors surrounding the farm. To ensure that air 
quality objectives are met at receptor locations, separation distance requirements will be determined. 
There are several methods available to calculate separation/buffer distances for individual broiler 
farms, including: 

1. tables of fixed separation distances; 

2. separation distance formulas; and 

3. odour dispersion modelling. 

One or more of these methods may be applied during the assessment process depending on the size of 
the proposed farm and local regulatory or planning guidelines for calculating distances.  

F ixed s eparation dis tances  
Fixed separation distances offer the advantages of simplicity and consistency, but do not account for 
specific farm management or localised features or conditions (such as terrain). Fixed separation 
distances may vary according to farm capacity (State Government of Victoria, 2001b) or may define 
minimum distances to specific features such as roads, boundaries or residences (Environment 
Protection Authority South Australia (2007a) and Queensland Chicken Growers Association (2005)). 

S eparation dis tance formulas  
Separation distances can easily, and rapidly, be calculated using separation distance formulas. Unlike 
fixed separation distances, these formulas incorporate parameters that allow for adjustment due to 
features or management practices that may influence the possibility for odour impacts. Depending on 
the specific method, these formulas may include factors for farm design, farm management, terrain, 
surrounding land use, receptor characteristics and wind patterns. To use these formulas, the assessor 
will refer to descriptive tables that provide values for each factor. These formulas generally take the 
form shown in Equation 1. 

Separation Distance = Na x S1 x S2 x S3 x S4 Equation 1 

Where:  N  is the number of birds (or sheds); 
 a  is an exponent derived from modelling; and 
 S1 to S4 are factors relating to farm design, management and the environment. 

Separation distance formulas are used to calculate separation distances for broiler farms in South 
Australia (Environment Protection Authority South Australia, 2007a) and in New South Wales (for 
farms with less than 250,000 birds) (Department of Environment and Conservation NSW, 2006b). A 
draft formula has been proposed for use in Victoria (for farms up to 400,000 birds) (State Government 
of Victoria, 2009b); and a separation distance formula has also been proposed for use in Queensland 
(for farms with up to 320,000 birds) (Queensland Chicken Growers Association, 2005), but is not 
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currently used during regulatory assessment. Separation distance formulas are also used overseas 
(Nicolas et al., 2008). 

Odour dis pers ion modelling 
Site specific dispersion modelling may be used when the farm or environment has features that exceed 
the parameters of the fixed distance and separation distance formulas, or when trying to justify a short 
separation distance. Pollock and Anderson (2004) summarised the use of dispersion models for 
calculating separation distances for broiler farms. CALPUFF (Earth Tech Inc., 2008) and Ausplume 
(EPA Victoria, 2004) are two dispersion models used to assess odour impacts from broiler farms. 
Dispersion models require specific inputs such as meteorological data, terrain data, land use 
descriptions and odour emissions data. With each of these inputs specific to the farm, the model is 
used to predict the concentration and frequency of odour exposure in the surrounding areas. 

Odour impact criteria are used to assess whether the strength and frequency of odours in the 
surrounding landscape, predicted by the model, is likely to create an odour nuisance. These criteria, 
whilst not designed to provide complete protection from ever experiencing odour, outline the odour 
concentration, averaging period and recurring frequency (expressed as a percentile) that would limit 
the frequency and intensity of odour nuisance below a reasonable level. A range of different odour 
criteria are used throughout Australia (see Table 1).  

Table 1: Examples of impact criteria used when odour dispersion modelling 

State Odour Criteria# 
(ou**) Averaging Period Percentile 

New South Wales1 2–7 Nose response time 99th 

Queensland2 2.5 1 hour 99.5th 

South Australia3 2–10 3 min 99.9th 

Western Australia Varies on the specific circumstances of each case: 2.5 ou, 1 hr, 99.5th 
percentile is one criteria that is used 

Victoria4 5 3 min 99.9th 
Note: # The value of odour criteria may vary depending on the source and receptor characteristics 
 **ou - odour unit (as defined in AS/NZS 4323.3 (Standards Australia, 2001)) 
References: 

1 (Department of Environment and Conservation NSW, 2005, 2006a) 
2 (Environmental Protection Agency (Queensland Government), 2004) 
3 (Environment Protection Authority South Australia, 2007b) 
4 (State Government of Victoria, 2001a, 2009a, b) 

 
S elec tion of data and s ourc e des c ription when modelling broiler farms  
To ensure that odour dispersion models can assess site specific odour impacts in a meaningful way, all 
data inputs need to reflect the actual conditions at the farm. For broiler farms, this is not a 
straightforward task because inputs such as weather and emission data (specific to the farm) are not 
always available. Odour emission rates are unknown at new farms because the sheds are not yet built 
and the emission rates for new sheds being built on an existing farm are likely to differ from the 
existing sheds. Also, the horizontal discharge of tunnel ventilated broiler sheds cannot be perfectly 
represented using the commonly used dispersion models. Disagreement between consultants regarding 
input data and model configuration can prevent acceptance of odour modelling and prolong the odour 
impact assessment process. 
 
Pollock and Anderson (2004) reported that experienced modelling consultants have developed 
techniques to generate site representative weather data and estimate odour emission rates. Modellers 
were also developing ways to represent the horizontal discharge to ensure that building downwash 
effects, terrain influences and plume thermal buoyancy, which influences plume dispersion, are not 
ignored by over-simplifying the emission source. These authors recommended that further 
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development and assessment of these modelling techniques was required. In particular, further 
investigation was required to ensure that source configuration was representative of real-life, and that 
height of plume rise due to buoyancy was being accurately modelled. 
 
Dis pers ion modelling temperature inputs  
Accurate emission temperature data is required for a dispersion model to simulate the thermal 
buoyancy of plumes. In the absence of actual data, emission temperature needs to be estimated. 
Because of the highly controlled temperature conditions within a broiler shed, a reasonable assumption 
can be made that the emission temperature will closely resemble the air temperature inside the shed. It 
is also reasonable to assume that the temperature differential between the discharged air and the 
ambient air will reduce as the plume mixes with and dissipates into the surrounding ambient air, until 
the plume temperature becomes very close to ambient temperature. 

Dunlop and Duperouzel (unpublished) measured in-shed and ambient temperatures while monitoring 
fan activity at broiler farms. An assumption was made that placement of the in-shed temperature 
sensor near the exhaust fans would be a reasonable estimation of the emission temperature. Their data 
showed that while the in-shed temperature was related to the target production temperature, it varied 
with changes in ambient temperature. Consequently, shed emission temperature can potentially be 
estimated using production temperature following an adjustment for ambient temperature. 

C omparing different models  
Different types of models (for example: computational fluid dynamics (CFD); Gaussian, Lagrangian 
puff; and separation distance formulas) are used for estimating plume dispersion, for predicting odour 
impacts and for determining appropriate separation distances. Due to the difficulty (or impossibility) 
of physically measuring the movement and dispersion of plumes, the use of these models is necessary. 
These difficulties as well as the absence of broiler sheds on new farms, also mean that model 
predictions cannot be readily verified using (or by taking) physical measurements. One way to check 
the performance of one model (or parts of that model) is to use another more specific or sophisticated 
model, as demonstrated in the following examples.  In each case, a model with specific, proven 
capabilities was used to evaluate the relative performance of the other model. Regardless of the model, 
these investigations highlight the need for using accurate model inputs and use of appropriate model 
configuration in order to obtain accurate outputs.  

Computational fluid dynamics (CFD) models numerically solve the governing equations of mass, 
momentum and energy (Li and Guo, 2006). This makes them an ideal choice for modelling plume 
movement in complex situations and provide a means to investigate the effects of thermal buoyancy 
(Li and Guo, 2006); building downwash (Olvera et al., 2008); wind conditions and atmospheric 
stability (Bjerg et al., 2004; Li and Guo, 2006); and plume release characteristics (Bjerg et al., 2004; 
Dunlop and Galvin, unpublished) on plume dispersion. While CFD models can be used in 
investigations of these complex situations, it is critical that the CFD model is properly configured and 
appropriate turbulence, buoyancy and dispersion routines are utilised. 

Li and Guo (2006) used a CFD model to simulate odour plumes from a piggery and compared the 
downwind concentrations with Calpuff predictions. Both models demonstrated that odour 
concentrations were higher during low wind speed conditions, and that downwind odour 
concentrations were higher during stable atmospheric conditions; with the CFD model predicting 
higher odour concentrations in all simulations except during highly stable conditions at distances 
beyond 300 m. 

Piringer and Schauberger (1999) and Nicolas et al. (2008) used dispersion modelling as a tool to verify 
the use of separation distance formulas (referred to as ‘guidelines’ in these papers) for use in intensive 
animal operations. These authors used the results from the dispersion modelling (which used site-
specific inputs) to recommend changes to the separation distance formulas. 
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P has es  of plume development 
Broiler shed exhaust plumes transition through several phases from emission to ultimate dispersion. 
An understanding of these phases is required for interpreting CFD modelling outputs, plume 
temperature profiles and visible plume movement. Figure 1 is a diagrammatic representation of these 
phases (see the concluding remarks in PAE (2009) in Appendix 1 for additional information), 
including: 

1. Horizontal jet: The horizontal jet stage occurs because the plume is exhausted from the 
ventilation fans at relatively high velocity (6–10 m/s). The length of the horizontal jet will 
depend on fan specifications, temperature difference (plume to ambient), wind speed, wind 
direction, ground roughness, building wake effects and number of active fans. 
 
Friction is created between the plume and the ground, and between the plume and the 
surrounding air, which slows the horizontal movement and shortens the length of the 
horizontal jet. When more fans are active, or when wind is blowing in the same direction as 
the jet, friction forces between the plume and surrounding air will be reduced. Friction also 
causes turbulence and mixing (including vertical mixing) with the surrounding air, which 
dilutes the plume and dissipates heat.  

2. Stall point: When friction forces overcome the momentum of the horizontal jet, the plume 
effectively stalls. From this point, further movement is due to environmental forces, not those 
caused by the mechanical ventilation fans. When smoke was used to visualise plumes during 
this investigation, the stall point occurred between 10 m from the shed when one fan was 
active with a slight headwind, and 40-50 m from the shed when eight fans were active and 
there was a slight tail wind. 

3. Rise and horizontal movement: From the stall point, the plume will move in the direction of 
the wind and will rise if the temperature of the plume is greater than the surrounding air. 
Upward acceleration will be dependent on the magnitude of the buoyant force and horizontal 
velocity will depend on the strength of the wind. If there is negligible temperature difference 
or the plume is cooler than ambient air, the plume is unlikely to rise from the ground unless it 
is warmed by heat radiating from the ground (due to the sun). Regardless of whether the plume 
rises or not, the plume will continue to expand and disperse due to natural turbulence. 

4. Plume levelling: Temperature is dissipated from the plume as it rises and mixes with the 
surrounding air (the plume cools adiabatically according to the dry adiabatic lapse rate, which 
is approximately -1.0 °C per 100 m (Davis and Cornwell, 1998)). The plume will continue to 
rise until it reaches the same temperature as the surrounding air (which also varies with 
altitude according to the ambient lapse rate). This temperature loss with height influences 
atmospheric stability and the presence of thermal inversion layers, thus influencing the height 
to which a plume will rise. 

5. Dispersion: When the plume reaches its ultimate elevation (which may be at ground level), it 
will continue to disperse due to turbulence. If the atmosphere is unstable, the plume will 
continue to rise until it has completely dispersed. 
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Figure 1:  Diagram showing transitional phases of poultry shed plumes 

 

Objectives and outline of activities in this investigation 
Activities in this investigation have been organised according to three objectives:  

1. Use computational fluid dynamics (CFD) modelling to model plume rise and dispersion in a 
variety of scenarios, and comparing these results with those predicted by Calpuff. 
 
CFD modelling was used to assess the ability of Calpuff to model the dispersion of thermally 
buoyant plumes emitted from broiler sheds using a variety of wind, temperature, ventilation rate 
and shed orientation conditions. Downwind odour concentrations, plume rise and plume spread 
were used to compare the outputs of both models. The effects of building downwash on plume 
dispersion were also considered. CFD was also used to estimate the velocity, position and 
temperature at the point where the plume began to rise (just downwind from the shed). The results 
of this model comparison study have been summarised in this report. 

2. Use temperature sensors, data logging equipment and smoke to measure the temperature of air 
exhausted from a broiler shed and visually assess rise and dispersion.  
 
Sensors were arranged in a three dimensional array, immediately downwind from the tunnel 
ventilation fans to enable the temperature and vertical rise of plumes to be assessed. In conjunction 
with the temperature sensors, smoke was used to visualise and demonstrate the dispersion and 
vertical rise of exhaust plumes. Temperature data was filtered to identify periods when 
environmental conditions were conducive to plume measurement. Data was then presented using 
3-D visualisation software. 

3. Comparison of separation distance formulas against Calpuff modelling (using the Qld odour 
impact criteria).  
 
Firstly, Calpuff modelling outputs from existing broiler farms were acquired, along with 
descriptions of the farm, terrain and receptors. Each of these farms had been approved on the basis 
of the Calpuff modelling, which demonstrated compliance with the odour impact criteria 

1. Horizontal jet 

Friction 

2. Stall point 

3.  Rise and 
horizontal 
movement 

4.  Plume 
levelling 

5. Dispersion 

Extent of plume 

Plume core 
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(Queensland Criteria, see Table 1). Separation distances were then calculated using the proposed 
separation distance formula for Queensland, as well as formulas approved in New South Wales, 
South Australia and drafted for use in Victoria. The separation distances calculated by the 
formulas and Calpuff were then compared on a receptor-by-receptor basis.  
 
Secondly, a range of scenarios were modelled for hypothetical farms using Calpuff. The scenarios 
included different farm sizes, terrain, meteorology, emission temperatures and source definition 
(volume versus point). The distance to the 2.5 ou (1 hr99.5th) contours from each scenario were 
compared to separation distances calculated using formulas. 
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Understanding the temperature 
environment in and around broiler sheds 
The internal shed temperature will have a direct influence on the temperature of the air emitted from 
the ventilation fans. To precisely model thermal buoyancy, and understand how much influence 
thermal buoyancy will have on the dispersion of broiler shed odour plumes, it is first necessary to 
understand the thermal environment around broiler sheds. 

The temperature within modern broiler sheds is strictly regulated using automatic control systems, 
heaters, evaporative coolers and high capacity ventilation fans. The target production temperature 
varies throughout the batch to maintain a comfortable environment and optimal growing conditions for 
the birds. Details of these target temperatures can be found in manuals provided by the major breed 
companies (Aviagen Incorporated, 2009a, b; Cobb-Vantress Inc., 2008), which describe the complex 
interaction between dry bulb temperature, humidity and wind chill. The target production temperatures 
referred to in this report are derived from the recommended dry bulb temperature, at average humidity, 
neglecting wind chill and loosely reflect the three major breeds. It was assumed that the target 
temperatures start at 31 °C on day 0, decrease linearly to 21 °C on day 35, decrease linearly again to 
20 °C on day 42 and remain constant till the end of the batch. While not exactly the temperatures 
recommended in the growing manuals, these temperatures offer a close enough approximation 
considering that each producer and processing company follows their own temperature program that 
may vary with breed, bird age and season. 

Dunlop and Duperouzel (unpublished) measured in-shed and ambient temperatures while monitoring 
broiler shed ventilation activity. In-shed temperature was measured 5–10 m from the fans and about 
0.5 m above the floor, while ambient temperature was measured at 2 m height a short distance from 
the shed. The measured in-shed temperature was considered a reasonable estimate of emission 
temperatures. Temperatures were recorded every 15 minutes for one year. Five broiler farms were 
included in the study, located in southeast Queensland (2 farms), northern New South Wales (near 
Tamworth), central coast New South Wales and in southern Victoria (on the Mornington Peninsula). 
Temperature measurements from the central coast NSW broiler farm will not be included here because 
the chickens were brooded in the front of the shed, isolated from the in-shed temperature sensor, and 
the dataset was incomplete.  

Temperature data collected by Dunlop and Duperouzel (unpublished) has been included in this report 
to assist with the selection of modelling scenarios, especially for the CFD modelling exercise, and to 
establish what temperature conditions are likely to be experienced at broiler farms. 

Relationship between target production temperature and in-shed temperature 

The temperature differential between the target and in-shed temperatures was calculated (target 
temperature minus in-shed temperature). This data was then grouped and analysed in terms of 
frequency of occurrence. Figure 2 shows that the in-shed temperature was relatively evenly distributed 
around the target temperature and the majority of data was within the range ±4 °C (greater than 90% of 
temperature recordings for all farms), but temperatures differentials of ±10 °C also occurred. 
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Figure 2:  Frequency of occurrence for target temperature minus in-shed temperature differentials for 

four broiler sheds collected over 12 month period 

The data was explored to identify reasons for the in-shed temperature to differ from the target 
temperature. Figure 3 displays a time series of the in-shed and target production temperatures from one 
of the broiler farms located in southeast Queensland. This figure shows that the internal shed 
temperature roughly corresponded with the target production temperature, but varied daily in response 
to changes in ambient temperature and seasonal effects. Similar trends were also observed at the other 
broiler farms. 
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Figure 3:  Time series showing target production temperature and internal shed temperature for a 
broiler shed in southeast Queensland 

Closer examination of the daily variation between in-shed and target temperatures (see Figure 4) 
revealed that during the warmer part of the day, the in-shed temperature tended to be greater than the 
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target temperature, while during the cooler times (night), in-shed temperatures during summer were 
warmer while during winter were sometimes cooler (this data is for the same shed used in Figure 3). 
        

-10

-8

-6

-4

-2

0

2

4

6

00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00 00:00

Time of day

Te
m

pe
ra

tu
re

 d
iff

er
en

ce
 (t

ar
ge

t -
 in

-s
he

d)
 

°C

 

      

-10

-8

-6

-4

-2

0

2

4

6

00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00 00:00

Time of day

Te
m

pe
ra

tu
re

 d
iff

er
en

ce
 (t

ar
ge

t -
 in

-s
he

d)
 

°C

 
Figure 4:  Temperature differential between the target temperature and in-shed temperature during 

summer (Left) and winter (Right) 

This demonstrates that the shed emission temperature is often slightly different to the target production 
temperature. 

Further processing of this data (combined from four farms) resulted in the development of a simple 
linear formula to estimate internal shed temperature (assumed to be similar to the shed emission 
temperature), see Equation 2. 

Internal temperature ≈ Target temperature + 0.31 Ambient temperature - 4.2 Equation 2 

A comparison between the measured internal temperature, predicted internal temperature and target 
production temperature (see Figure 5 )shows that predicting the internal temperature using Equation 2 
provides a better estimate of the internal shed temperature than using the target production temperature 
(combined data from all farms). 
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Figure 5:  Comparison of measured in-shed temperature, predicted in-shed temperature using Equation 

2 and target production temperature 
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Relationship between in-shed temperature and ambient temperature 

The relationship between in-shed temperature and ambient temperature at the four broiler farms was 
examined. Figure 6 shows the frequency of occurrence for various temperature differentials. It can be 
seen that for the Queensland farms, the in-shed temperature was often 0–8 °C warmer than ambient 
temperature; and for the New South Wales and Victorian farms the in-shed temperature was often 2–
12 °C warmer than ambient temperature.      
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Figure 6:  Frequency of occurrence for in-shed to ambient temperature differentials for 4 broiler sheds 

collected over 12 month period 

A separate analysis of night time data (assumed to be from 6pm to 7am) was performed because plume 
rise may have a more pronounced influence at night when atmospheric stability and weather 
conditions tend to restrict odour dispersion. Figure 7 displays data for night time, where the difference 
between in-shed and ambient was found to be slightly greater than the recordings over a 24 hour 
period, previously shown in Figure 6.     
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Figure 7:  Frequency of occurrence for in-shed to ambient temperature differentials for 4 broiler sheds 

collected over 12 month period (data from 6pm to 7am) 

These two frequency plots show that the in-shed air temperature was nearly always higher than 
ambient temperature, especially at night and where the climate was cooler. 
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Summary of the temperature environment of broiler sheds 

• Broiler sheds have a strictly controlled temperature environment. 

• The target production temperature ranges from approximately 31 °C at the start of each batch and 
reduces to approximately 20 °C at day 42 for the remainder of the cycle. The specific temperature 
program used at each farm will vary depending on season, climate, shed and breed of birds. 

• It was assumed that in-shed temperature is likely to be representative of the exhaust temperature. 

• The in-shed temperature was similar to the target production temperature, but is usually slightly 
higher. 

• When in-shed temperature data is not available, it can be estimated using a simple linear model 
based on target temperature and ambient temperature (see Equation 2). When compared against 
the in-shed temperatures measured at these four broiler farms, the equation provided a closer 
estimate of the in-shed temperature than the target production temperature. 

• In-shed temperatures are frequently warmer than ambient air, especially at night. This temperature 
differential is often within the ranges of 2–10 °C (in-shed warmer than ambient). This is not 
surprising considering that air of ambient temperature is drawn into the shed and is warmed by 
heat emitted from the birds. It therefore makes sense that the exhausted air will usually be warmer 
than ambient air. 

• A differential temperature of +6 °C was frequently measured at these broiler farms and is 
approximately at the middle of the range of the recorded temperature differentials (2–10 °C). This 
temperature should therefore be adopted for use as the in the CFD modelling exercise. 

The temperature data presented in this report was only measured at one location in each broiler shed. 
To confirm the conclusions drawn from this data, additional temperature measurements (with multiple 
sensors) need to be made at more farms. Also, the model for estimating in-shed (and therefore exhaust) 
air temperature may not be applicable to other broiler farms. 
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CFD modelling of shed exhaust 
Project Objective 1: Use computational fluid dynamics (CFD) modelling to model plume rise and 
dispersion in a variety of scenarios, and comparing these results with those predicted by Calpuff. 

Computational fluid dynamics (CFD) modelling is a powerful tool that can accurately model air 
movement within a defined domain, but requires careful selection of modelling inputs and 
configurations to simulate real life.  

An experienced CFD modeller was engaged to model a typical broiler shed scenario and assess the 
effects of plume buoyancy on plume dispersion. The effects of plume downwash were also examined. 
These scenarios were also examined simultaneously by the modeller using Calpuff to assess 
differences in outputs from the two types of models. The detailed report, including full methodology, 
results and discussion for this modelling exercise, is included as Appendix 1.  

Methodology 
A variety of scenarios were compiled to test the effects of differential temperature (exhaust 
temperature versus ambient temperature), ventilation rate, wind direction and wind speed on plume 
rise and dispersion (see Table 2). Thirteen cases were modelled using both CFD and Calpuff. Calpuff 
was used to model two additional scenarios where the source was described as a volume source or as 
stacks with very low vertical velocity (0.01 m/s). 

Case 1 was nominally designated as the ‘control’ case. A differential temperature of 6 °C was chosen 
following an analysis of temperature shed data (refer to the chapter ‘Understanding the temperature 
environment in and around broiler sheds’). 

Table 2: Scenarios modelled using CFD and Calpuff 

Case Parameter 
Tested 

Temperature 
Difference  

(°C, discharge 
minus ambient) 

Vertical 
Velocity 

(ms-1) 

Wind 
Direction 

Wind 
Speed 
(ms-1) 

Ventilation 
rate % 

 M
od

el
 

1 Control 6 0 0 2 50% (7 fans) 
C

FD
 &

 
C

A
LP

U
FF

 2 Fan Activity 6 0 0 2 7% (1 fan) 
3 6 0 0 2 100% (14 fans) 
4 Temperature 

difference 
10 0 0 2 50% 

5 2 0 0 2 50% 
6 0 0 0 2 50% 
7 -6 0 0 2 50% 

8 Volume 
Source N/A 0 0 2 50% 

C
A

LP
U

FF
 

9 Stacks with 
low velocity 6 0.01 0 2 50% 

10 Wind 
Direction 

6 0 45 2 50% 

C
FD

 &
 

C
A

LP
U

FF
 

11 6 0 90 2 50% 
12 6 0 135 2 50% 
13 6 0 180 2 50% 
14 Wind Speed 6 0 0 0.5 50% 
15 6 0 0 10 50% 
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A ‘typical’ broiler shed with dimensions 150 m long, 15.3 m wide, 2.7 m high walls and 4.5 m to the 
roof apex was configured into the modelling exercise. The ventilation system used on this shed model 
included 14 tunnel ventilation fans generating a maximum ventilation rate of 445,000 m³/hr.  

Odour was modelled using an emission ‘concentration value’ of 1.0. Consequently downwind 
concentrations are a percentage of the original concentration. 

Plume rise and dispersion from the CFD and Calpuff models were assessed by measuring: 
• the odour concentration at all heights from a point located 300 m downwind from the source; 
• the ground level concentrations along the plume centreline; and 
• the crosswind concentrations 300 m downwind from the source. 

The CFD model was used to investigate the effect of building downwash on plumes; to assess how 
well Calpuff simulates complex plume-building interactions; and to evaluate the temperature of the 
plume at the stall point. The stall point is the location when horizontal momentum from the fans is 
dissipated and the plume movement is controlled by its interaction with the surrounding environment 
(including interactions relating to thermal buoyancy). 

For improved presentation and understanding of plume movement, odour concentration, temperature 
and plume vertical velocity data from the CFD modelling outputs was extracted for selected cases 
(Cases 1, 3, 4, 6, 7, 11, 13, 14 and 15). This data was then processed using 3-D visualisation software 
(Voxler®, Version 1.1.1716, Golden Software Inc., Colorado USA), and is presented in Appendix 2, 
Appendix 3 and Appendix 4. 

Results and discussion 
A detailed explanation of the results from the CFD modelling exercise is provided in Appendix 1. The 
following is a summary of the important overall findings and the findings for key scenarios, based on 
this detailed explanation (Appendix 1), plume concentration (Appendix 2), plume temperatures 
(Appendix 3) and plume vertical velocity (Appendix 5).  

K E Y  F INDING S  
• On level ground, Calpuff resulted in an over-prediction of odour 

concentration and thus separation distance (more conservative estimation of 
odour impacts), compared to the CFD model; however, it may result in an 
under-prediction of odour impacts for an elevated down-wind receptor. 
Further investigation would be required to address this. 

• Calpuff generally does not simulate plume rise, and is relatively insensitive to 
plume emission temperature; with building downwash and plume rise 
formulae contributing to this observed plume behaviour. 

• The CFD model demonstrated that significant plume rise can occur with 
poultry shed emissions. This finding raises questions about the practice of 
ignoring thermal buoyancy; however, Calpuff may not adequately simulate 
thermally buoyant poultry shed plumes. 

• The CFD output for Case 2 (1 of 14 fans operating) demonstrated almost immediate vertical rise 
and appeared to defy wind activity. It was concluded that the CFD prediction for this case did not 
represent a reasonable simulation of plume behaviour for this particular scenario, and 
consequently should be excluded from analysis. 

• Outputs from the two models were difficult to compare because CFD generated an ‘instantaneous’ 
plume whereas Calpuff generated a ‘time averaged distribution’. 
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• Plume width was much narrower in the CFD model than in Calpuff. It was concluded that 
stability-dependent puff spreading and plume meander inherent in Calpuff modelling would result 
in wider, lower concentration plumes. 

• The CFD model predicted very little plume rise during strong winds (10 m/s, Case 15); when 
ambient and exhaust temperatures were similar (0–2 °C temperature differential, Cases 6 and 5); 
or when the emission temperature was cooler than ambient temperature (-6 °C, Case 7). 

• The CFD model predicted substantial plume rise during low wind conditions (0.5 m/s, Case 14) or 
when the exhaust temperature was warmer than ambient temperature (6–10 °C temperature 
differential, Cases 1 and 4). When the exhausted air was 6–10 °C warmer than ambient, plumes 
rose by 30–50 m, at a position 300 m downwind (assuming wind speed of 2 m/s). 

• The CFD model predicted considerably higher ground level concentrations than Calpuff whenever 
there was little or no plume rise (Cases 5, 6, 7 and 15).  

• The CFD model predicted considerably lower ground level concentrations than Calpuff whenever 
substantial plume rise occurred (Cases 4, 13 and 14). 

• For most modelling scenarios, the CFD model predicted slightly lower ground level concentrations 
when compared with Calpuff outputs. 

• Plume prediction by the CFD model should be considered superior to Calpuff when wind direction 
was not in the same direction as the exhausted air direction (45°, 90°, 135° and 180° wind 
directions, Cases 10, 11, 12 and 13 respectively). Calpuff slightly under-predicted impacts when 
the wind was at a direction of 90° and 135° to the discharge, and over-predicted impacts when the 
winds was co-flowing or at angles of 45° and 180° to the discharge. This finding suggests that the 
crude building downwash formulations in Calpuff may not accurately simulate the plume 
dispersion when the wind is blowing at various angles to the building; however, the differences in 
predicted impacts were relatively small. 

• Plume temperature and ventilation rate influenced the temperature of the plume and distance from 
the shed at which the plume began to rise. When the plume was warmer compared to ambient air, 
it began to rise closer to the shed and retained more heat at that point (compared to when the 
plume was cooler). The effect of ventilation rate was more complex: as the ventilation rate 
increased, the position at which the plume began to rise moved further away from the shed 
(distances ranged from 5 m with 2 fans to 50 m with all 14 fans operating); and the plume retained 
more heat even though the emission temperature was the same. 

• The CFD model was configured to simulate odour plumes in neutral conditions. In general, 
Calpuff predicted higher odour concentrations (requiring larger separation distances compared 
with the CFD model). 
 
It was suggested that during unstable conditions, the CFD model would predict greater plume rise 
and therefore Calpuff predictions would be even more conservative, and from a regulatory 
perspective there would be no need to reconfigure Calpuff for odour impact assessment. 
 
On the other hand, modelling plume dispersion in stable atmospheric conditions may result in the 
slight under-prediction of odour impacts by Calpuff (when compared to the CFD model). Calpuff 
re-configuration may be required to ensure accurate (and conservative) prediction of odour 
impacts under stable atmospheric conditions.  
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Visualising exhaust plumes and measuring 
temperature profiles 
Project objective 2:  Use temperature sensors, data logging equipment and smoke to measure the 
temperature of air exhausted from a broiler shed and visually assess rise and dispersion. 

Methodology 

Description of the shed used during the temperature monitoring study 

The broiler shed chosen for this study was a tunnel ventilated grow-out shed (see Figure 8). It was 
97 m long, 14.8 m wide, 3.1 m to the roof apex and had 2.6 m high walls, with a capacity of 
approximately 30,000 birds. The building had an insulated roof and curtain side walls. The farm was 
located near Gatton, approximately 75 km west of Brisbane in southeast Queensland. 

 
Figure 8:  The broiler shed used in this study 

Mechanical ventilation was provided by eight tunnel ventilation fans fitted to the western end of the 
building. These fans were 1270 mm diameter belt driven axial fans (Munters Euroemme EM50, 
1.0 hp, Italy), which have a maximum design flow rate of approximately 35,900 m³/h. Given the fan 
dimensions and flow rate, exit airspeed for the fans would be approximately 7.0–7.5 m/s. Fan activity 
was automatically controlled to maintain ideal temperature conditions for the birds. 

The shed was built on flat, level ground, oriented with the tunnel ventilation fans pointing towards 
280° (10° north of west) (see Figure 9). There was an identical shed and thick bushland to the north, a 
few trees on the southern side and a grassy area with few trees to the west. This grassy area was crucial 
for the installation of the temperature sensor array. 
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Figure 9:  Orientation of sheds and position of the sensor array, weather station and trees 

Temperature sensor array 

An array of temperature sensors was installed at the broiler farm to allow measurement and tracking of 
exhaust air plumes. It was anticipated that data collected from this activity would improve 
understanding of: 
• how far plumes exhausted horizontally before rising; 
• how the plume temperature changed as it mixed with the ambient air; and 
• the temperature of the plume at the point where it started to rise. 
 
The array was installed at the exhaust end of a tunnel ventilated broiler shed (see Figure 10) and 
consisted of 32 temperature sensors, extending 40 m from the end of the shed, 7.5 m wide and 10 m 
tall. The sensors were positioned at heights of 2.5 m, 5.0 m, 7.5 m and 10.0 m. An additional sensor 
was installed on the outside of one of the exhaust fans to measure the temperature of the exhaust air. 
This fan was the first tunnel ventilation fan to turn on, and remained on as the other fans turned on or 
off depending on ventilation requirements.  

 
Figure 10:  Schematic of the temperature sensor array commencing 10 m from the fan end of the shed, 

with 10 m spacing (Weather station for illustrative purpose only; its position is correctly 
shown in Figure 9) 

Weather Station 

Trees 

Broiler Sheds 

Tunnel 
ventilation fans Temperature 

array masts 
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The temperature sensors were mounted on eight, ten metre tall masts constructed from 100 mm 
diameter PVC water pipe. Guy ropes were used to support the masts. Figure 11 shows the completed 
sensor array installed at the broiler farm. 

 
Figure 11: Temperature sensor array as installed at the broiler farm 

The temperature sensors used in the array needed to be accurate with a fast response time. Platinum 
resistance temperature detectors (RTD, PT100, 1/10th DIN, mineral insulated 3 mm diameter stainless 
steel sheath, OneTemp Pty Ltd, Brisbane) were selected as their characteristics met the requirements 
by providing measurement resolution of 0.1 °C and fast response times. Figure 12 displays one of the 
temperature sensors used in the array.  

 
Figure 12: Platinum RTD (PT100 sensor inside a thin stainless steel sheath) 
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Shields were used to protect the sensors from direct solar heating. On the masts, shields were 
manufactured using galvanised sheet and styrofoam (75 mm thick). Where these shields were used, the 
temperature sensor protruded from the bottom of the foam by approximately 20 mm. On the weather 
station and at the exhaust fan, a six plate radiation shield was used (RM Young Company 
Meteorological Instruments, Michigan USA) (see Figure 14). 

  
Figure 13: Solar radiation shield 

used on the masts 
Figure 14:  Radiation shield used at the exhaust fan (to measure 

shed emission temperature) and on the weather station 

Data loggers were used to continuously monitor and record temperature information from the sensor 
array. Four data loggers (dataTaker® DT500, dataTaker® Pty Ltd) were required because of the number 
and spatial distribution of the sensors. Each logger was housed in a weatherproof metal box and 
powered using a solar panel and battery. To ensure comparable temperature measurement by the four 
data loggers, a high precision, temperature stable 100 Ω resistor was installed on each data logger as a 
representative temperature sensor. 

Temperatures were measured every second by the data logger, which then reported an average 
temperature every twenty seconds. Recordings needed to be frequent so that temperature changes due 
to wind fluctuations or changes in fan activity wouldn’t be ‘averaged out’. Frequent recording required 
significant data logger processing and memory capability with 4320 readings per sensor per day 
(142,560 readings for the entire grid per day). Due to the large amount of data, downloading was 
undertaken frequently. The weather station data logger was also programmed to record data every 
twenty seconds so that all data could be synchronised.  

Data filtering was used to identify periods when the wind was blowing in the correct direction (no 
cross-winds). A range of wind speeds and ambient temperatures were examined. Temperature 
recordings were analysed using 3-D data visualisation and graphing software (Voxler®, Version 
1.1.1716, Golden Software Inc., Colorado USA). This software enabled individual temperature 
measurements to be presented. It also had in-built interpolation capabilities that allowed prediction of 
temperatures between the temperature sensors. Figure 15 is an example of an output from the 3-D 
visualisation software. This output includes the individual temperature sensor readings and 
interpolated temperature estimates (shaded colours). Temperatures are indicated by the scale bar. In 
this example, the opacity of the area shading was uniform for the entire temperature range. For ease of 

Shield 
Temperature 

sensor 
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interpretation of the other temperature profiles presented in this report, the opacity of certain parts of 
the temperature range were reduced to emphasise the most likely position where the exhaust plume 
was influencing the temperatures (see Figure 16 and Figure 17 for examples). The most important 
thing to remember is that the point temperatures were actually measured whereas the shading is only 
an estimate. Consequently, the colour of the point temperatures should be used as an indication of the 
temperature in the areas where shading has been made invisible. 

 
Figure 15: Example of output of temperature data using 3-D visualisation software showing point 

temperature measurements and estimated area temperatures 

The position of active fans can be seen by the different indicated temperatures. In the case shown in 
Figure 16, two fans were active. The temperature corresponding to inactive fans and the temperature 
along the roof line were estimated from the 2 m temperature measured at the weather station. The 
temperatures indicated in this figure suggest that relatively warm air emitted from the shed (19.9 °C 
compared to ambient temperature of 14.1 °C) rose as it passed through the first and second rows of 
temperature sensors.  

 
Figure 16: Output of temperature data using 3-D visualisation software with 2 fans operating 

Figure 17 is another example output from the 3-D visualisation software. In this figure, all fans were 
active and the emission temperature (27.7 °C) was very similar to ambient temperature (27.6 °C). This 
figure shows no apparent rise of the exhaust plume. Warmer temperatures along the ground may be 
due to warmth rising from the ground surface. 

 
Figure 17: Output of temperature data using 3-D visualisation software with eight fans operating 

Active fans 
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Fan activity monitoring 

The number and position of active fans was expected to influence the temperatures measured by the 
temperature sensor array because: 

• greater number of active fans would increase the distance that the exhaust air was projected 
horizontally from the shed; 

• greater number of active fans would increase the volume of the exhaust plume, potentially 
demonstrating greater temperature conservation by the plume; and 

• fan activity on one side of the shed would tend to be monitored by only one side of the 
temperature array. 

It was therefore essential that fan activity was monitored. Equipment and methodology for monitoring 
fan activity was essentially identical to those used by Dunlop and Duperouzel (unpublished), and is 
summarised below. 

Mercury tilt switches (see Figure 18 and Figure 19) were attached to the fan back-draft shutters to 
monitor fan activity, similar to the approach used by Wilhelm et al. (2001). The use of tilt switches 
was selected over other techniques due to low cost (sensors cost approximately $3.00/fan), availability 
of components, expected reliability (when compared to more complex systems) and unobtrusiveness.  

  
Figure 18:  Mercury tilt switch with fan turned 

off (shutters closed, switch closed) 
Figure 19:  Mercury tilt switch with fan turned 

on (shutters open, switch open) 

Tilt switches were connected to a data logger, via a voltage dividing circuit (refer to Dunlop and 
Duperouzel (unpublished) for full details). The data logger recorded any change in fan activity as it 
happened (recording the on/off status of each fan) and was also programmed to record the average fan 
activity every twenty seconds to enable the fan activity data to be synchronised with the temperature 
array and weather station data sets. 
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Weather station 

Weather conditions were monitored with a 10 m portable automatic weather station (AWS) (see Figure 
20 and Figure 21).  

Weather information collected during the trial is displayed in Table 3. Wind speed, wind direction and 
temperature data were reported every 20 seconds. Details of the weather station sensors are displayed 
in Table 4. 

Table 3: Weather information collected by the AWS 

2 m wind speed 10 m wind speed standard deviation 

2 m wind direction 2 m temperature (2 sensors) 

10 m wind speed 2 m relative humidity 

10 m wind direction 10 m temperature 

2 m wind direction standard deviation Total radiation 

10 m wind direction standard deviation Barometric pressure 

2 m wind speed standard deviation Rainfall 

 
Table 4: Sensors used on the AWS 

Sensor/Parameter Brand Model Number Sensitivity Range 

Data Collection DataTaker DT500 (version7) 0.11% for Voltage 
0.21% for Current 

0-2500 mV 
0.25-25 mA 

Temperature (2 m) Vaisala 50Y Humitter ±0.6 °C at 20 °C -10 to +60 °C 
Temperature 
(2 m & 10 m)  PT100  -50 to + 250 °C 

Humidity (2 m) Vaisala 50Y Humitter ±3% at 90% RH 10–90% 

Wind Speed Gill 
Windsonic 

1405-PK-040 
Option 3 ±4% at 20 m/s 0 to 60 m/s 

Wind Direction Gill 
Windsonic 

1405-PK-040 
Option 3 +- 3° at 20 m/s 0 to 359° 

Total Radiation Li-Cor LI200SZ 0.2 kW/m2/mV  

Barometric Pressure Vaisala PTB101B ±0.5 hPa at 20 °C 
±2 hPa at 0–40 °C 600 to 1060 hPa 

Rainfall Hydrological 
Services TB3 one tip/0.2 mm rain 0 to 700 mm/hr 

 
The AWS was located and managed by according to AS 2923–1987 (Standards Australia, 1987); 
however, it was not possible to locate the weather station in strict accordance with the standard due to 
a few trees that were between the temperature array and weather station. Nevertheless, the weather 
station was positioned as close as possible to the trial site to record temperatures and wind patterns 
through the temperature array, which required small compromises in relation to established trees.  
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Figure 20:  Weather station used for this project: close up of the lower sensors 

 
Figure 21:  Weather station used for this project: temperature array in the background 

Using smoke to visualise exhaust plumes 

On the morning of 2 December 2008, smoke was used to visualise the exhaust plume from the broiler 
shed. Air temperatures, exhaust temperature, fan activity and weather conditions were simultaneously 
measured and recorded for direct comparison. 

Hand smoke flares (Pains Wessex Handsmoke, Chemring Australia, Victoria) were used to provide 
large volumes of persistent smoke. Orange and white smokes were used because these provided the 
greatest visibility. The smoke produced by hand smoke flares is a pyrotechnic smoke consisting of fine 
coloured particles. The duration of smoke production was typically 60 seconds.  

Smoke was used to visualise exhaust plumes through the full range of fan activity (one to eight active 
fans). Smoke was released on the outside of the tunnel ventilation fans, with one or two smoke flares 
used per release depending on the density of smoke required. Fan turbulence was effective in mixing 
the smoke.  

A digital camera (Canon EOS350D, digital SLR) and digital video camera (Sony HDR-FX1E Digital 
HD Video Camera Recorder) were used to record the smoke plumes. Sequential images were taken 
with the still camera. Cameras were positioned approximately 80 m south of the broiler shed and 20 m 
to the west, providing a side view of the exhaust plumes. 

Wind and 
temperature 

sensors 

Wind and 
temperature 

sensors 

Temperature 
array 
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Results and Discussion 

Summary of data collection 

The temperature array was installed and data loggers were actively collecting data on 8 October 2008, 
prior to placement of the birds. Shortly after installation, a severe storm struck the area, with a 
suspected lightning strike causing significant damage to the system and terminal damage to several 
data loggers. This issue was resolved, and the monitoring equipment was fully operational again by 26 
November 2008, at which stage the birds were 35 days old. 

On 2 December 2008, smoke was used to visualise the exhaust plumes and plume movement was 
compared with temperatures recorded at the time. On this day, the birds were 41 days old and there 
were 22,800 birds housed in the shed. 

Smoke visualisation of exhaust plumes 

The first release commenced at 4:25 am, close to sunrise; at which time, the ambient air temperature 
was approximately 14.2 °C. Smoke was intermittently used as more fans became active. The final 
smoke release occurred at 7:30 am, when all tunnel ventilation fans were active and ambient 
temperature was approximately 24.0 °C. Throughout the course of the morning, the temperature of air 
exiting the shed ranged between 19.6 °C and 24.8 °C. Whilst wind direction was initially opposite the 
discharge direction (albeit light 0.4–0.9 m/s), a wind shift to the east (co-flow direction) occurred 
between 5:05 and 6.30, to result in a subsequent cross-wind of 1–1.4 m/s from the SE and then settled 
to a lighter breeze of 0.8-1 m/s co-flowing with the discharge direction. Table 5 summarises the wind 
conditions, temperatures and number of fans during each smoke release. 

Table 5: Summary of conditions during each smoke release on 2 December 2008 

Smoke 
release Time 

(am) 
Wind 
Speed# 

Wind 
direction# 

Ambient 
temperature# 

Shed air 
temperature** 

Number 
of active 

fans$ 
  m/s ° °C °C  

1 4:25–4:28 0.52 292 14.6 19.7 1 
2 4:31–4:33 0.52 313 14.6 19.9 1–2 
3 4:38–4:41 0.44 289 14.5 19.7 2–1 
4 4:42–4:44 0.44 318 14.5 19.9 1–2 
5 5:01–5:03 0.90 287 14.5 19.8 1–2 
6 5:49–5:54 0.35 60–90 16.6 20.7 2–3 

7 5:55–5:57 0.34 300° at 2 m 
43° at 10 m 17.1 20.7 3 

8 6:21–6:23 1.16 161 19.6 22.3 6 
9 6:24–6:26 1.10 153 20.1 22.4 6 

10 6:58–7:00 1.06 154 22.6 23.6 6–7 
11 7:00–7:02 1.39 141 22.7 23.6 7–6 
12 7:13–7:15 1.03 139 23.0 24.3 7 
13 7:28–7:30 1.02 107 23.7 24.7 8 
14 7:31–7:33 0.78 101 24.0 24.8 8 
#  Average of 2 m and 10 m readings, with the wind direction indicating the direction from which the 

wind was blowing 

** Measured at the exhaust fan 
$ e.g. 2–1 indicates that the number of fans changed from 2 to 1 during the smoke release (maximum 8) 

Some of the smoke releases were undertaken sequentially while conditions remained similar (in terms 
of wind conditions, temperatures and fan activity). These smoke releases were grouped for comparison 
to temperatures recorded within the temperature array. 
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S moke releas es  1, 2, 3 and 4 
Smoke releases one to four (see Figure 22 to Figure 25) were undertaken at dawn when the 
temperature of the exhausted air was about 5.3 °C greater than ambient. A very slight breeze tended to 
push the exhaust plume back over the shed (counter-current flow). Almost immediate plume rise 
occurred, with plumes rarely extending beyond 15–20 m from the shed at ground level before rising 
sharply. However, despite the sudden plume rise, the smoke never rose far above tree height 
(approximately 20 m) and lingered in the clearing immediately surrounding the sheds (see Figure 26).  

  
Figure 22:  Smoke release 1 Figure 23:  Smoke release 2 

  
Figure 24:  Smoke release 3 Figure 25:  Smoke release 4 

 

 
Figure 26:  Smoke lingering in the clearing surrounding the sheds (combination of white and orange 

smoke from smoke releases 1 to 4) 
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The temperature profile during these smoke releases (see Figure 27, which was recorded during smoke 
release 3) closely resembled the visible smoke plumes. The temperature sensors in the first row (10 m 
from the tunnel fans) did not appear to register the exhaust temperature. Cross-referencing this 
observation with the smoke photos suggests that the exhaust air passed below the lowest sensor 
(positioned 2.5 m above the ground). We know from the temperature sensor mounted on the tunnel 
fans that the exhausted air was 19.8 °C, however, the highest recorded temperature was approximately 
15 °C, suggesting that the temperature of the air exhausted from the shed rapidly reduced to near 
ambient temperatures. Alternatively, wind and plume fluctuations may not have exposed the 
temperature sensors to a constant elevated temperature, resulting in the measurement of an averaged 
temperature influenced by exposure to both ambient air (14.0–14.5 °C) and exhaust air (19.7 °C). 

 
Figure 27:  Temperature profile of the exhaust plume during smoke releases 1, 2, 3 and 4 

S moke releas e 5 
Smoke release 5 (see Figure 28) was undertaken shortly after smoke release 4. The exhaust and 
ambient temperatures had not changed, however the wind was stronger, which again tended to blow 
back over the shed (counter-current flow). The plume did not travel far enough to reach the second 
row of temperature sensors, but instead rose up and engulfed the first row of temperature sensors. 
Consequently, higher temperatures (due to the warm exhaust air) were only recorded in this first row 
(see Figure 29). As with the earlier smoke releases, the maximum temperature recorded in the grid was 
approximately 15.1 °C, which is lower than the exhaust temperature (19.8 °C), suggesting that heat 
quickly dissipated from the exhausted air. This scenario was similar to Case 2 in the CFD modelling. 

 
Figure 28:  Smoke release 5 
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Figure 29:  Temperature profile of the exhaust plume during smoke release 5 

S moke releas es  6 and 7 
Smoke releases six and seven were undertaken when the exhaust temperature was about 20.7 °C while 
ambient temperature was 16.7–17.7 °C, creating a temperature differential of about 3–4 °C. Wind 
direction switched to be in approximately the same direction as the exhaust air direction (co-current 
flow). Three tunnel fans were active during these smoke releases. Photos of the smoke plumes (see 
Figure 30 and Figure 31) demonstrate that the plume remained attached to the ground for about 22 m 
before rising. The plume then rose steadily and dispersed until the smoke was no longer visible. The 
temperature profile during these releases (see Figure 32) do not clearly show the temperature 
distribution, however, fluctuating wind conditions during smoke release seven may have prevented 
steady state temperature measurements from being recorded. 

 
Figure 30:  Smoke release 6 
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Figure 31:  Smoke release 7 

 
Figure 32:  Temperature profile of the exhaust plume during smoke releases 6 and 7 

S moke releas es  8 and 9 
Smoke releases eight and nine (see Figure 33 and Figure 34) were undertaken when six tunnel fans 
were operating. Exhaust temperature was about 22.3 °C while ambient temperature was 19.6–20.1 °C, 
resulting in a temperature differential of 2.2–2.7 °C. Wind speed was higher and blew across the shed 
(away from the camera). Consequently, the plumes remained attached to the ground for 25-40 m 
before rising. Plume rise still occurred and the plumes continued to rise until dispersion of the smoke 
made them invisible. 

 
Figure 33:  Smoke release 8 
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Figure 34:  Smoke release 9 

The temperature profile during these smoke releases (see Figure 35) indicated that the smoke rose at a 
distance of approximately 30 m, where it exited the temperature sensor array. 

 
Figure 35:  Temperature profile of the exhaust plume during smoke releases 8 and 9 

S moke releas es  10, 11 and 12 
Smoke release 10 (see Figure 36) was undertaken when seven tunnel fans were operating. A light 
breeze from the south-south-east did not appear to have a significant effect on plume dispersion. The 
plume remained in contact with the ground for approximately 30 m before rising slightly. Vertical 
dispersion was evident to 50 m. At a distance of 50–70 m from the shed, the plume rose vertically and 
rapidly dispersed (see Figure 37). 
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Figure 36: Smoke release 10 

 
Figure 37: Smoke release 10: plume dispersing vertically 

Smoke release eleven (see Figure 38) displayed similar vertical dispersion to smoke release 10, but a 
stronger crosswind prevented the plume from extending itself as far from the shed. In this example, the 
plume rose vertically at a distance of 12–28 m from the shed. 
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Figure 38: Smoke release 11 

During smoke release 12, the camera position was changed to be in line with the shed, as shown in 
Figure 39, highlighting the sideward plume movement due to cross-winds at the time.  

 
Figure 39:  Smoke release 12 

The temperature profile recorded during smoke releases 10 to 12 did not clearly demonstrate the shape 
of the plume (see Figure 40). The small temperature differential between exhausted and ambient air as 
well as fluctuating wind conditions contributed to the temperature array not clearly recording the 
plume temperatures. Despite the temperature sensors not clearly recording a rising plume, the 
photographs demonstrate that the plume did rise. 



 

31 

 
Figure 40:  Temperature profile of the exhaust plume during smoke release 10 (and representative of 

conditions during smoke release 11 and 12) 

S moke releas es  13 and 14 
Smoke releases thirteen and fourteen (see Figure 41 and Figure 42) were undertaken when all tunnel 
fans were active. The temperature of the exhausted air was barely 1.0 °C above ambient temperature. 
Minimal vertical plume movement was seen and the plume tended to hug the ground, especially when 
compared to the other smoke releases when the temperature differential was greater. Plume dispersion 
occurred as it moved downwind, including some vertical dispersion. 

 
Figure 41:  Smoke release 13 

 
Figure 42:  Smoke release 14 

The temperature profile during smoke releases thirteen and fourteen (Figure 43) showed elevated 
temperatures at the lowest height (2.5 m). These temperatures were warmer than the ambient 
temperature recorded at the weather station and warmer than the exhausted temperature, suggesting 
that radiant ground heating may have started to influence temperature measurements. Warmth at 
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ground level would contribute to unstable conditions, and would have supported vertical dispersion, as 
observed during the smoke releases. 

 
Figure 43:  Temperature profile of the exhaust plume during smoke releases 13 and 14 

 

Exhaust plume temperature profiles 

Conditional data filtering was used to identify periods between 26 November and 2 December 2008 
when the plume was likely to be within the temperature sensor array. These conditions included: 

• when the wind was blowing in the same direction as the exhausted shed air (i.e. co-current flow, 
wind angle between 90–110° and no cross-winds); 

• when wind speeds were less than 0.25 m/s, so that wind direction would not greatly influence 
the plume movement within a very short distance from the shed; and finally 

• when conditions were sustained and steady for at least one minute to ensure that the temperature 
sensors would have sufficient stabilisation time. 

Outside of these conditions, the exhaust plume would be unlikely to traverse through the temperature 
sensor array, and temperature recordings would therefore be unrepresentative of the exhaust plume. 

A range of wind speeds and ambient temperatures were examined. Spatial temperature distributions 
for specific discrete periods are presented in Appendix 5 (and are labelled Appendix 5 Case 1 to 
Appendix 5 Case 20). 

These examples were grouped according to the difference between exhaust and ambient temperatures: 

• exhaust air cooler than ambient temperature; 

• exhaust air warmer than ambient temperature by 1.0–3.5 °C; 

• exhaust air warmer than ambient temperature by 3.5–5.0 °C; and 

• exhaust air warmer than ambient temperature by 5.0–6.5 °C. 

E xhaus t air c ooler than ambient temperature  
Figure 44 displays an example of the temperature profile when the exhaust air was cooler than ambient 
(additional detail of this example is given in Appendix 5 Case 10). Under these conditions, it was 
challenging to clearly resolve the shape and dispersion of the exhaust plume. The plume would not be 
expected to rise; however the measured temperature profile suggested that it may have. At the time 
when this temperature profile was recorded (3:46 pm), radiant heat from the ground appeared to 
influence the temperature readings at the lowest height (2.5 m), which prevented the plume profile 
from being clearly distinguished. 
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Figure 44:  Temperature profile when the exhaust air was cooler than ambient 

A similar example of this condition is also provided in Appendix 5 Case 9. 

E xhaus t air warmer than ambient temperature by up to 1 °C  
Figure 45 displays an example of the temperature profile when the exhaust air was warmer than 
ambient by about 1 °C (additional detail of this example is given in Appendix 5 Case 2). Because of 
the similarity between ambient and exhaust temperatures, it was difficult to resolve the temperature 
profile of the exhaust plume from temperature variability in the ambient air; however, the plume 
appeared to stay close to the ground. As with the previous temperature condition, radiant heat from the 
ground appeared to increase the temperature readings at the lowest height (2.5 m), complicating the 
interpretation of this temperature profile. Under these conditions, heat exhausted from the shed and 
additional heat radiated from the ground should have caused the plume to rise into the cooler air 
above, and this may have happened outside the sensor array. 

 
Figure 45:  Temperature profile when the exhaust air was warmer than ambient by less than 1 °C 

Similar examples of this condition are also provided in Appendix 5 Case 1 and Appendix 5 Case 20. 

E xhaus t air warmer than ambient temperature by 1.0–3.5 °C  
Figure 46 displays an example of the temperature profile when the exhaust air was warmer than 
ambient by 1.0–3.5°C (additional detail of this example is given in Appendix 5 Case 5). Compared to 
the two previous examples, the increasing difference in temperature between the exhaust and ambient 
air allowed the exhaust plume to be more easily defined. In this example, the plume appeared to stay 
close to the ground, but warming of the upper temperature sensors in the third and fourth row suggests 
that the plume rose and warmed these sensors. Unlike the previous examples, radiant heat from the 
ground would be unlikely to influence the temperature profile because it occurred at 8:00 pm.  
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Figure 46:  Temperature profile when the exhaust air was warmer than ambient by 1.0–3.5 °C 

Table 6 displays the temperatures recorded for different positions within the temperature profile shown 
in Figure 46. Exhaust air did not appear to contact sensors in the first row, which also occurred during 
the smoke releases.  

Table 6: Temperatures for various positions within the array shown in Figure 46 

Position Temperature 
(°C) 

Temperature differentials 
(°C) 

Exhaust 25.0 
2.1 (exhaust - ambient) 

Ambient 22.8–22.9 

20 m from shed, 2.5 m height 23.6 0.7 (reading - ambient) 
-1.4 (reading - exhaust) 

30 m from shed, 2.5 m and 5 m height 23.4 0.5 (reading - ambient) 
-1.6 (reading - exhaust) 

40 m from shed, all heights 23.3 0.4 (reading - ambient) 
-1.7 (reading - exhaust) 

 
For this example, two thirds of the temperature difference between the exhaust and ambient air had 
dissipated within 20 m of the shed, with only a minor change to the furthest distance of 40 m as the 
plume continued to disperse. 

Similar examples of this condition are also provided in  
Appendix 5 Case 3, Appendix 5 Case 4, Appendix 5 Case 6, Appendix 5 Case 7 and Appendix 5 Case 
11. 

E xhaus t air warmer than ambient temperature by 3.5–5.0 °C  
Figure 47 displays an example of the temperature profile when the exhaust air was warmer than 
ambient by 3.5–5.0 °C (additional detail of this example is given in Appendix 5 Case 13). The 
difference in temperature between the exhaust and ambient air allowed the exhaust plume to be easily 
defined. In this case, the plume appeared to stay close to the ground, but lifted off the ground before 
reaching the third row of sensors, 30 m from the shed. This example is also different from the previous 
examples because only two fans were operating. 
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Figure 47:  Temperature profile when the exhaust air was warmer than ambient by 3.5–5.0 °C 

Table 7 displays temperatures recorded at various positions within the array in Figure 47. 

Table 7: Temperatures for various positions within the array shown in Figure 47 

Position Temperature 
(°C) 

Temperature differentials 
(°C) 

Exhaust 19.9 
4.9 (exhaust - ambient) 

Ambient 14.8-15.3 

10 m from shed, 2.5 m height 16.3 1.3 (reading - ambient) 
-3.6 (reading - exhaust) 

20 m from shed, 2.5 m and 5 m height 16.5 1.5 (reading - ambient) 
-3.4 (reading - exhaust) 

30 m from shed, 10 m height 15.6 0.6 (reading - ambient) 
-4.3 (reading - exhaust) 

40 m from shed, 10m height 15.6 0.6 (reading - ambient) 
-4.3 (reading - exhaust) 

 
For this example, two thirds of the temperature difference between the exhaust and ambient air had 
dissipated within 10-20 m of the shed, with even more heat dispersed by 30 m. However, it is likely 
that the plume exited the top of the temperature array at about 20 m from the shed. 

Similar examples of this condition are also provided in Appendix 5 Case 12, Appendix 5 Case 14 and 
Appendix 5 Case 19. 

E xhaus t air warmer than ambient temperature by 5.0–6.5 °C  
Figure 48 displays an example of the temperature profile when the exhaust air was warmer than 
ambient by 5.0–6.5 °C (additional detail of this example is given in Appendix 5 Case 15). The 
difference in temperature between the exhaust and ambient air allowed the exhaust plume to be easily 
defined. In this case, the plume appeared to stay close to the ground, but lifted off the ground before 
reaching the third row of sensors, 30 m from the shed. The conditions that existed during this example 
are very similar to those during smoke releases one to four. It was observed during the smoke releases 
that even though the smoke rapidly rose, the rise stopped and the plumes dispersed horizontally once it 
reached a height of 15–20 m, presumably because of a thermal inversion layer. In the following 
example, the relatively even distribution of slightly elevated temperatures across the top of the sensor 
array suggests that a similar situation may have occurred. 
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Figure 48:  Temperature profile when the exhaust air was warmer than ambient by 5–6.5 °C 

Table 8 displays the specific temperatures recorded for various positions within the array shown in 
Figure 48. 

Table 8: Temperatures for various positions within the array shown in Figure 48 

Position Temperature 
(°C) 

Temperature differentials 
(°C) 

Exhaust 20.4 
6.5 (exhaust - ambient) 

Ambient 13.9–14.9 

10 m from shed, 2.5 m height 15.4 1.5 (reading - ambient) 
-5 (reading - exhaust) 

20 m from shed, 2.5 m to 7.5 m height 15.2–15.8 1.9 (reading - ambient) 
-4.6 (reading - exhaust) 

30 m from shed, 10 m height 14.7–14.9 1.0 (reading - ambient) 
-5.5 (reading - exhaust) 

40 m from shed, 10m height 14.8 0.9 (reading - ambient) 
-5.6 (reading - exhaust) 

 
For this example, three quarters of the temperature difference between the exhaust and ambient air had 
dissipated within 10-20 m of the shed, with even more heat dispersed by 30 m. It is likely that the 
plume exited the top of the temperature array at about 20 m from the shed. 

Similar examples of this condition are also provided in Appendix 5 Case 16, Appendix 5 Case 17 and 
Appendix 5 Case 18 

E xhaus t air warmer than ambient temperature by more than 6.5 °C  
Figure 49 displays an example of the temperature profile when the exhaust air was warmer than 
ambient by more than 6.5 °C (additional detail of this example is given in Appendix 5 Case 8). In this 
example, the plume appeared to rise sharply about 20 m from the shed.  
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Figure 49: Temperature profile when the exhaust air was warmer than ambient by more than 6.5 °C 

Table 9 displays the temperatures recorded for various positions within the array shown in Figure 49. 

Table 9: Temperatures for various positions within the array shown in Figure 49 

Position Temperature 
(°C) 

Temperature differentials 
(°C) 

Exhaust 20.1 
8.9 (exhaust - ambient) 

Ambient 11.2-12.0 

20 m from shed, 2.5 m to 5 m height 13.1-13.6 2.4 (reading - ambient) 
-6.5 (reading - exhaust) 

30 m from shed, 10 m height 12.1-12.5 1.3 (reading - ambient) 
-7.6 (reading - exhaust) 

 
For this example, three quarters of the temperature difference between the exhaust and ambient air had 
dissipated within 20 m of the shed, with even more heat dispersed by 30 m. However, it is likely that 
the plume exited the top of the temperature array about 20 m from the shed. 

Summary of plume visualisation and temperature profiles 
Utilising smoke flares to visually represent exhausted air from broiler sheds to identify plumes is a 
well-grounded method which can be employed under a wide range of conditions. Vertical plume rise 
and dispersion were evident especially when the air exhausted from the shed was warmer than ambient 
air. The greatest temperature differential recorded during this activity was approximately 8.9°C.  

Importantly, the smoke and temperature profiles recorded here reflect the CFD predictions produced 
under Objective 1, as well as reflecting the general plume temperature principles outlined in the 
chapter ‘Understanding the temperature environment in and around broiler sheds’ and as described in 
the PAE (2009) report in Appendix 1. 

Temperatures recorded in the temperature sensor array indicated that this temperature differential 
rapidly reduced as the plume travelled downwind from the shed, but this may have been due to 
averaging of exhaust and ambient temperatures by the temperature sensors during fluctuating exposure 
to the exhaust plume. 

Wind conditions influenced the movement of the exhaust plume. Counter-current flow prevented the 
plume being projected far from the shed and encouraged vertical rise and dispersion. Co-current flow 
enabled the plume to move further from the shed before rising. 

Temperature profiles generally correlated well with plume visualisation techniques, especially during 
still or co-current wind conditions, and when there was a difference of at least a few degrees between 
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exhaust and ambient temperatures. This correlation supports the use of temperature profiles to 
demonstrate poultry shed exhaust plume movement and temperatures. 

The following points summarise the analysis of exhaust plume temperature profiles: 

• When the exhaust air was cooler or very close to ambient temperature, the analysis of temperature 
profiles was challenging, and natural temperature variation (for example due to radiant heating 
from the ground) prevented plumes from being clearly defined. 

• When exhaust temperatures were between 3.5–5.0 °C warmer than ambient, plume rise was 
noticeable and plumes appeared to rise and leave the top of the temperature sensor array within 
40 m from the shed. Also, plume shape could be estimated from the temperature recordings. 
Within 10-20 m from the shed, the temperature difference between exhaust and ambient 
temperature had been reduced by two thirds (the plume temperature was much closer to ambient 
temperature than the exhaust temperature). 

• When exhaust temperatures were more than 5.0 °C warmer than ambient, plume shape was able to 
be estimated from the temperature recordings. Within 10-20 m from the shed, the temperature 
difference between exhaust and ambient temperature had been reduced by three quarters (the 
plume temperature was much closer to ambient temperature than the exhaust temperature). 

(Note: When closely examining the temperatures measured within the temperature sensor array, it 
must be remembered that the sensors would need to be continuously exposed to the centre of the 
exhaust plume for a reasonable time (for example 30-60 seconds) to record the actual plume 
temperature. It is unlikely that this occurred and the sensors were more likely exposed to the sides of 
the plume, or exposed intermittently. Consequently, the temperature readings most likely under-predict 
the temperature at the centre of the plume and consequently more warmth may have been retained in 
the centre of the plume than has been recorded.) 
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Comparison of separation distance 
formulas with Calpuff modelling 
Project objective 3:  Comparison of separation distance formulas against Calpuff modelling (using 
the Queensland odour impact criteria). 

Separation distances for new or expanding poultry farms may be estimated using site specific odour 
dispersion modelling or separation distance formulas (where legislation allows). Dispersion modelling 
is generally accepted to provide superior predictions of odour impacts because farm specific emission 
rates, terrain and weather patterns are included in the simulation; and the predicted concentration and 
frequency of odour plumes are compared against odour impact criteria. 

While dispersion modelling may be accepted as superior, it requires significant data inputs, computing 
power and experience, which can make the process of assessing odour impacts time consuming and 
expensive. Input selection and generation is quite subjective and discreet, and can possibly lead to 
ambiguous outputs and disputes. In contrast, separation distance formulas can rapidly estimate 
separation requirements using minimal inputs, which may then be openly presented for review. 

To address this objective, separation distances determined using Calpuff were compared to those 
obtained using separation distance formulas for a selection of existing and hypothetical broiler farms 
in southeast Queensland. Our focus was on the proposed formula for Queensland (Qld) (see Equation 
3) that has been described in detail by Queensland Chicken Growers Association (2005). Other 
separation distance formulas used in New South Wales (NSW) (Department of Environment and 
Conservation NSW, 2006b), South Australia (SA) (Environment Protection Authority South Australia, 
2007a) and Victoria (Vic) (State Government of Victoria, 2009b) have also been included. When 
comparing the results it must be remembered that each state has different air quality objectives (as 
confirmed by their respective odour impact criteria (see Table 1). It is therefore expected that 
differences will exist between the outputs of the various separation distance formulas. Additionally, 
only the Queensland formula should be compared with the Calpuff modelling under the southeast 
Queensland conditions.  

Separation Distance (m) = N0.6 x S1 x S2 x S3 x S4 Equation 3 

Where:  N is the maximum number of chickens divided by 1000; 
 0.6 is an exponent derived from modelling;  
 S1 farm design and management factor 
 S2 land use sensitivity factor; 
 S3 surface roughness factor; and 
 S4 terrain weighting factor. 

The purpose of using existing broiler farm scenarios was to see whether the separation distance 
formula would have predicted equivalent or longer (more conservative) separation distances than the 
Calpuff modelling, which would reduce the potential for odour nuisance. If this were the case, the farm 
may have been approved on the basis of the odour assessment using the formula. If a receptor was 
within the distance calculated by the formula, it may have prompted the need for site-specific 
dispersion modelling (i.e. with Calpuff). 

The purpose of modelling hypothetical farms was to see how well the separation distance formula 
worked for various farm sizes in different terrain and with different weather. A range of modelling 
inputs was used to assess the effect of emission temperature on odour impacts. The hypothetical farms 
were modelled with emission temperature equal to ambient temperature (no buoyancy effect) and 
target production temperature (buoyancy effects). 
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Methodology 

Comparing separation distance formulas to existing broiler farm scenarios 
modelled with Calpuff 

Calpuff odour modelling outputs and other data were obtained for five existing broiler farms; together 
with descriptions of the farms, terrain, and receptors (see Table 10 and Appendix 6 for full details). 
Farms were selected on the basis that they had been approved by the relevant local authority based on 
the Calpuff modelling, which demonstrated compliance with the odour impact criteria (see Table 1). 

Table 10: Summary of existing broiler farms modelled with Calpuff  

Farm Number of birds Shed design Number of 
Receptors 

Distance to 
receptors (m) 

A 200,000 Tunnel 7 740–1900 

B 200,000 Tunnel 8 1410–2130 

C 200,000 Tunnel 5 837–1860 

D 240,000 Tunnel 4 700–900 

E 200,000 Tunnel 5 370–1623 
 
A spreadsheet was developed to calculate separation distance requirements from the farm to the 
neighbouring receptors using the proposed formula for Queensland, as well as the formulas currently 
used in New South Wales, South Australia and Victoria. Details regarding farm management, terrain, 
vegetation (between farm and receptor), receptor type, and dominant wind direction (for the NSW 
formula) were supplied by the modelling consultant. Alternate separation distances were calculated 
whenever the project team did not agree with the terrain descriptions suggested by the modelling 
consultant (who provided the data). Copies of the spreadsheet for each of the five farms are included in 
Appendix 8. 

The following distances were tabulated for each farm (see Figure 50 for an example). It was assumed 
that separation distances originated from the centre of the shed cluster, rather than the odour centroid, 
because orientation of the tunnel fans was unknown. The distances calculated were: 

o distance from the farm to each receptor; 

o separation distance calculated using each of the separation distance formulas in the 
direction of each receptor; 

o distance from the farm to the Calpuff derived odour contour (Qld odour impact criteria, 
2.5 OU, 1 hr, 99.5th percentile) in the direction of each receptor; 

o distance from the farm to the furthest point on the Calpuff derived odour contour (Qld 
odour impact criteria, 2.5 OU, 1 hr, 99.5th percentile); and 

o separation distance calculated using the Qld separation distance formula in the direction of 
the furthest point on the odour contour. 
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Figure 50: An example of the information used during the assessment between Calpuff 
modelling (using Qld odour impact criteria) and separation distance formulas 

When applying the proposed Queensland separation formula, it was necessary to calculate a farm 
rating in order to determine the value for S1 (see Equation 3). Each of the five farms represented the 
best available design and management (i.e. best available design, nipple drinkers with evaporation 
trays, automated shed environment control with alarms, litter inspected and topped up daily, average 
litter depth greater than 45 mm at the start of the batch and maximum shed airspeed exceeding 2.5 
m/s). Consequently, each farm had an S1 value of 1.0. Values for S2 to S4 are presented in the 
spreadsheet summaries in Appendix 8. 

Modelling hypothetical broiler farms with Calpuff and calculating separation 
distances 

In a separate exercise to the comparison between CFD and Calpuff models, Calpuff was used to model 
hypothetical broiler farms using a variety of different inputs and configurations. Odour impact 
contours were prepared according to the Queensland odour impact criteria (2.5 OU, 1 hr, 99.5th 
percentile). This contour was compared with distances calculated using the proposed Queensland 
separation distance formula. Two experienced Calpuff modelling consultants were engaged to 
undertake this work. Detailed reports from these modellers have been included in Appendix 6 and 
Appendix 7. 

The hypothetical farms included sheds that were 153 m long, 15 m wide (internal), with 2.7 m tall 
walls and 4.5 m high roof apex. Each shed housed 43,750 birds. Maximum shed ventilation rate was 
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112 m³/s (403,200 m³/hr), which would deliver a maximum in-shed airspeed of 3 m/s (assuming that 
ceiling baffles were installed at 2.4 m above the floor). The farm was modelled with four and eight 
sheds (175,000 birds and 350,000 birds respectively) to assess the changes in predicted odour impacts 
with farm size. It should be noted that 350,000 birds exceeds the recommended limit of 320,000 birds 
stated in the proposed Qld separation distance formula, but was chosen to test the limits of the formula 
in light of the fact that new broiler farms are likely to be larger rather than smaller. 

Odour emission rates were estimated using the method described by Ormerod and Holmes (2005). A 
K-factor of 2 (as described by these authors) was chosen to represent a modern farm using ‘best 
practice’ design and management. A thinning regime was adopted where birds were harvested from 
the shed on day 35, and again on another day until all birds were harvested on day 56. 

Modelling domains relating to the major broiler production regions in southeast Queensland were 
chosen. These domains included areas to the south, west and north of Brisbane (near Beaudesert, Esk, 
Redland Bay and Caboolture). Some of the hypothetical farms were modelled in two different 
locations within the domain, with the farms surrounded by different terrain and land uses, to assess the 
influence of these on odour dispersion and calculations using the separation distance formula.  

As there is no standard, commonly agreed methodology for modelling odour dispersion from broiler 
farms, each of the hypothetical farms was modelled with Calpuff using the following configurations: 

1. point source with emission temperature estimated using ambient temperatures (to simulate no 
plume buoyancy); 

2. point source with emission temperature estimated using production target temperatures (to 
simulate plume buoyancy); and 

3. volume source (no plume temperature inputs leads to no buoyancy). 

Separation distances determined using each of these three configurations were tabulated for 
comparison with the proposed Qld separation distance formula because each configuration was 
expected to produce a different, but equally acceptable result. 

The proposed Qld separation distance formula was used to calculate separation distances from the 
hypothetical farms. No ‘receptors’ surrounded the farm. Instead, points on the 2.5 ou contour were 
selected for comparison with the formula. These points were selected wherever the contour was at an 
extended distance from the sheds or where terrain or surface roughness may have resulted in very short 
distances calculated with the formula. These two conditions were chosen because they represented the 
most likely situations for the separation distance formula to calculate shorter (less conservative) 
separation when compared with Calpuff. The distances to the 2.5 ou contour were measured from the 
centre of the odour centroid (between the two middle sheds and 25 m downstream of the tunnel 
ventilation fans). This is slightly different to the way that the proposed Queensland separation distance 
formula is supposed to be measured (from the odour centroid closest to the receptor); consequently, 
separation distances should not be considered as absolute values, rather an approximate value. 
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Results and Discussion  

Comparison of Calpuff and separation distance formulas for existing farms 

Table 11 presents the results from the assessment of the five broiler farms using the proposed Qld 
separation distance formula as well as the formulas used by NSW, Vic and SA. Based on data 
provided by the modelling consultant, the distance from the centre of the sheds to the 2.5 ou boundary 
(from Calpuff modelling) was compared to the proposed Qld separation distance formula. While the 
estimations of separation distance from the formulas have been compared against Calpuff, it must be 
remembered that dispersion modelling must not be considered as a ‘pass’ or ‘fail’ test of odour impact 
potential due to uncertainties and limitations in the modelling (Environmental Protection Agency 
(Queensland Government), 2004) 

Cells have been shaded in Table 11 to highlight situations when the proposed Qld formula calculated a 
shorter distance than the Calpuff modelling. Assuming that Calpuff’s prediction of odour impact 
potential is correct, underestimation by the separation distance formula may result in reduced 
protection for receptors. This situation occurred for Farm B (in the direction of five of eight receptors, 
although the difference for one of the receptors was negligible) and for Farm E (in the direction of 
only one of the receptors). 

While the proposed Queensland separation distance formula underestimated the required separation 
distances in a limited number of cases (compared to Calpuff predictions), it predicted larger, more 
conservative estimations for the majority of the receptors (75%). In some instances, the estimated 
separation distance was nearly four times greater than the distance predicted by Calpuff; which would 
help to ensure minimal odour impacts would be likely to occur. 

Also in Table 11, distances to the receptor have been highlighted using a ‘##’ symbol when the distance 
to the receptor was less than the distance required by the proposed Queensland formula. This occurred 
for one receptor at Farm A, one receptor at Farm C, three receptors at Farm D and one receptor at 
Farm E. Had the proposed Queensland separation formula been used to assess these broiler farms, the 
separation distance to the receptors would have been inadequate, prompting the developer to find an 
alternative site, reposition the sheds on the property, or engage a consultant to perform site specific 
odour modelling (possibly with Calpuff). 

Comparing the separation distances calculated using the various interstate methods, the proposed Qld 
formula predicted similar distances to the SA formula, larger (sometimes much larger) distances than 
the Vic formula, but shorter distances than the NSW formula.  
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Table 11: Separation distances between broiler farms and receptors calculated using various methods 
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 Distance to 

Calpuff 2.5 
odour unit 
boundary 

Separation distance formulas 

Queensland New South 
Wales 

South 
Australia Victoria 

Fa
rm

 A
 

1 1330 276 625 1268 553 472 
2 1650 143 625 1268 553 472 
3 1750 143 625 1268 553 472 
4 1900 255 999 1268 885 (553*) 472 
5 1580 337 999 1268 885 472 
6 1040 306 999 1268 885 472 
7 740## 255 999 1268 885 472 

Fa
rm

 B
 

1 1780 895 531 888 (986*) 470 472 
2 1840 743 531 986 470 472 
3 2130 533 531 986 470 472 
4 1410 381 531 986 470 472 
5 1590 438 625 1268 553 472 
6 1650 914 625 1268 553 472 
7 1850 1105 531 986 470 472 
8 1630 1524 531 986 470 472 

Fa
rm

 C
 

1 1694 349 937 1268 829 472 
2 1860 358 937 1268 829 472 
3 1414 413 796 (531*) 986 705 (470*) 472 
4 1200 670 796 986 705 472 
5 837## 284 937 1268 829 472 

Fa
rm

 D
 1 700 532 697 1010 611 520 

2 900## 944 1045 1732 917 520 
3 740## 667 1045 1732 917 520 
4 740## 651 1045 1732 917 520 

Fa
rm

 E
 

1 370## 162 581 (625*) 804 (893*) 514 472 
2 1030 267 531 695 470 472 
3 926 448 531 695 470 472 
4 1623 714 531 695 470 472 
5 1075 610 937 (625*) 893 829 472 

Notes: * indicates alternative separation distance due to the project team selecting a ‘more 
 appropriate’ description of the terrain than was suggested by the consultant. 
SHADED cells indicate that the proposed Qld separation distance formula was less conservative 
 than the Calpuff predicted odour separation requirement. 
## indicates that the proposed Qld separation distance formula required a larger separation 
 distance than was available (between the farm and receptor) 
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If the proposed Qld separation distance formula had been used for the odour impact assessment of 
these five farms: 

• Four of the five farms (A, C, D and E) would be unlikely to have been immediately approved due 
to at least one receptor being closer than the separation distance calculated by the formula (Qld). 
This would have prompted the developer to undertake a site specific odour impact assessment 
(with dispersion modelling) or reconsider the location or orientation of the farm/sheds. 
Repositioning the sheds and repeating the assessment with the separation distance formula may 
have been sufficient for the farm to comply. Regardless of what action was chosen, the formula 
would have provided adequate protection for the receptors at these farms. 

• Farm B could have been approved on the basis of the formula, simply because the receptors were 
located at sufficient distance from the sheds. With the benefits of having Calpuff modelling 
predictions, it can be seen that for six of the eight receptors, the formula estimated a shorter 
separation distance than was required by the Calpuff simulation. Potentially, receptors could have 
been much closer to the sheds (closer to the shed than the 2.5 ou contour) and the farm could still 
have been approved on the basis of the formula. If this occurred the receptors may have been put 
at increased risk of odour impacts (but this assumes that the Calpuff modelling accurately 
simulated the potential for odour impacts). 

• The formula provided conservative estimates of separation distances for 75% of the receptors. 

• Alternate interpretation of the inputs to the formula (terrain and land use factors in particular) 
would have had no bearing on the outcomes of an odour impact assessment. 

Other important conclusions that can be drawn from this exercise include: 

• Despite the fact that the shed design/management rating was the lowest possible value (S1 = 1.0), 
separation distances calculated by the proposed Queensland formula in the majority of cases were 
similar or more conservative than the separation distances predicted using Calpuff, sometimes 
more conservative by a factor of up to four times. Combined with the fact that new intensive 
broiler farms are built and operated to standards that exceed many of the options in the proposed 
method (Queensland Chicken Growers Association, 2005) (i.e. new facilities use only nipple 
drinkers; only automatic control systems with alarms; only adequately insulated and sealed sheds; 
and maximum airspeed exceeding 2.5–3.0 m/s), it seems that there is no requirement for S1 to 
exceed a value of 1.0. 

• The method used in NSW calculates much greater separation distances than the proposed Qld 
method. This method was designed to meet the air quality objectives in NSW, but calculates 
excessive separation distances when compared with dispersion modelling to the odour impact 
criterion in Qld. The SA method appears to be relatively comparable with the proposed Qld 
method. The Vic method is completely insensitive to terrain and other natural features that will 
influence odour dispersion, and tends to under-estimate separation requirements in many cases 
(compared to Calpuff modelling performed against the Qld odour impact criterion). 

• Farm B appeared to be an unusual case. Despite all of the receptors being at the same or higher 
elevation to the sheds, which is usually associated with reduced possibility of odour impacts, 
Calpuff predicted relatively long separation distances. Even the NSW formula, which calculated 
much larger distances than the proposed Qld method, did not produce sufficient separation 
distances for two of the receptors.  
 
A wind rose for this farm (see Appendix 6) shows that a relatively high proportion of low speed 
winds (0.1–2.0 m/s) may have contributed to the extensive 2.5 ou contour. Inclusion of a low wind 
speed frequency factor (which is different to the prevailing wind/wind frequency factor in the 
NSW method) may improve estimation of separation distances when using the separation 
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distances formulas in cases like Farm B; however, this would reduce the usability of formula 
because specific wind data would need to be acquired. 

• Comparison of the proposed Queensland separation distance formula with the furthermost point on 
the Calpuff 2.5 ou contour demonstrated that, with the exception of Farm B, the formula predicted 
a similar (within 20%) or larger separation than Calpuff. 

Comparison between Calpuff and separation distance formulas for hypothetical 
farms 

Full details of the Calpuff modelling of hypothetical Farms A to E, including comprehensive results, 
are given in Appendix 6 and Appendix 7.  

Transects were drawn in each domain to correspond with particular features on the 2.5 ou contour line. 
Along each transect, the distance from the odour centroid (nominated to be 25 m downwind from the 
tunnel ventilation fans) to the 2.5 ou contour was measured. The proposed Qld separation distance 
formula was applied along each transect for comparison to the Calpuff modelling. Aerial pictures of 
the hypothetical farms showing the position of transects, as well as the separation distances derived 
from Calpuff and separation distance formulas are summarised in the following sections (and full 
details are provided in Appendix 9). 

Each of the hypothetical farms was modelled in Calpuff using three different, yet equally acceptable 
Calpuff configurations (point source with ambient emission temperatures, point source with target 
production temperature emissions and volume source) and the resulting separation distances have been 
tabulated in the following sections for comparison with the proposed Qld separation distance formula. 
Emission temperatures were estimated using ambient and target production temperatures to evaluate 
the difference when modelling without thermal buoyancy and with thermal buoyancy respectively. 
Each of the three Calpuff configurations must be independently and equally compared with the 
proposed Qld formula because there is no singular, preferred modelling methodology. 

Domain A 

Domain A represents a broiler growing area located approximately 60 km west of Brisbane. Figure 51 
shows the hypothetical farm in position 1, including terrain contours, an example of the Calpuff 
outputs and six transects for comparison between the different separation distance methods. Figure 52 
shows the farm in position 2.  

Full details of Domain A are provided in Appendix 6. 

Full details of the separation distance formula calculations and Calpuff outputs for Domain A are 
provided in Appendix 9 (refer to Appendix 9 Figure 1 to Appendix 9 Figure 6 for position 1 and 
Appendix 9 Figure 7 to Appendix 9 Figure 12 for position 2). 



 

47 

 
Figure 51: Hypothetical farm in Domain A, position 1: including terrain contours; odour contours 

(modelled with 175,000 birds with ambient emission temperature) using Qld odour 
guidelines; and the six transects for application of the separation distance formula 

 
Figure 52: Hypothetical farm in Domain A, position 2: including terrain contours; odour contours 

(modelled with 175,000 birds with ambient emission temperature) using Qld odour 
guidelines; and the six transects for application of the separation distance formula 
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The distances measured along each transect from Calpuff modelling (using different emission 
temperatures and volume source configuration) and the separation distance formula are summarised in 
Table 12. 

In Table 12, cells have been shaded where the distances calculated by the separation distance formula 
were shorter than those predicted by Calpuff; potentially indicating that the formula would provide 
less protection against odour nuisance for neighbours oriented in that direction from the farm. 

Table 12:  Domain A: Separation distances for hypothetical farms in along defined transects; calculated 
using Calpuff (using different emission temperatures and source description) and the 
proposed Qld separation distance formula 
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) Separation distance along transect (m) 
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Temperature 

Production 
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Temperature 
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1 17
5,

00
0 

1 326 1320 535 945 490 
2 302 630 505 690 735 
3 254 630 566 470 865 
4 155 708 504 945 865 
5 99 440 409 410 576 
6 42 315 283 380 576 

35
0,

00
0 

1 326 1732 1640 1200 743 
2 302 1670 725 1010 1114 
3 254 1025 787 790 1311 
4 155 1135 692 1070 1311 
5 99 567 535 535 874 
6 42 503 472 520 874 

Po
si
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2 17
5,

00
0 

1 352 450 395 380 865 
2 305 415 415 360 666 
3 242 495 450 395 490 
4 215 415 375 790 490 
5 116 377 470 450 576 
6 33 1205 520 880 576 

35
0,

00
0 

1 352 720 630 540 1311 
2 305 630 610 520 1009 
3 242 720 630 630 743 
4 215 555 470 935 743 
5 116 555 560 540 874 
6 33 1490 1205 1295 874 

Notes: SHADED cells indicate that the proposed Qld separation distance formula was less 
conservative than the Calpuff predicted odour separation requirement. 

S ummary for Domain A  
In Domain A, the proposed separation distance formula worked well at calculating more conservative 
separation distances than Calpuff (for five of the six transects at both farm positions). For one transect 
at each farm position (transect 1 at position 1 and transect 6 at position 2), the separation distance 
formula consistently calculated shorter distances than Calpuff. Reasons for the odour contour 
extending for such a long distance cannot be confirmed, but are most likely related to the terrain and 
dominant low wind speeds in the directions of these transects. 
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Distances predicted by Calpuff varied according to the emission temperature assumptions and volume 
source configuration. In general, the assumption that emission temperature was equal to ambient 
temperature resulted in longer separation distances compared to production temperatures. 

Domain B 

Domain B represents a broiler growing area located south of Brisbane. Figure 53 shows the 
hypothetical farm in position 1, including terrain contours, an example of the Calpuff outputs and six 
transects for comparison between the different separation distance methods. Figure 54 shows the farm 
in position 2.  

Full details of Domain B are provided in Appendix 6. 

Full details of the separation distance formula calculations and Calpuff outputs for Domain B are 
provided in Appendix 9 (refer to Appendix 9 Figure 13 to Appendix 9 Figure 18 for position 1 and 
Appendix 9 Figure 19 to Appendix 9 Figure 24 for position 2). 

 
Figure 53: Hypothetical farm in Domain B, position 1: including terrain contours; odour contours 

(modelled with 175,000 birds with ambient emission temperature) using Qld odour 
guidelines; and the six transects for application of the separation distance formula 
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Figure 54: Hypothetical farm in Domain B, position 2: including terrain contours; odour contours 
(modelled with 175,000 birds with ambient emission temperature) using Qld odour 
guidelines; and the six transects for application of the separation distance formula 

The distances measured along each transect from Calpuff modelling (using different emission 
temperatures and volume source configuration) and the separation distance formula are summarised in 
Table 13. 

In Table 13, cells have been shaded where the distances calculated by the separation distance formula 
were shorter than those predicted by Calpuff; potentially indicating that the formula would provide 
less protection against odour nuisance for neighbours oriented in that direction from the farm. 
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Table 13:  Domain B: Separation distances for hypothetical farms in along defined transects; calculated 
using Calpuff (using different emission temperatures and source description) and the 
proposed Qld separation distance formula 
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00
0 

1 353 725 430 820 865 
2 300 635 410 860 576 
3 241 780 465 875 576 
4 155 670 335 931 576 
5 94 505 280 745 576 
6 52 560 225 820 576 

35
0,

00
0 

1 353 1695 1770 1625 1311 
2 300 1080 782 1920 874 
3 241 1190 690 1420 874 
4 155 1045 390 1120 874 
5 94 840 560 1025 874 
6 52 1005 465 1175 874 

Po
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2 17
5,

00
0 

1 327 1000 900 975 576 
2 242 1180 1000 1155 576 
3 161 615 410 770 576 
4 94 820 565 975 576 
5 44 1285 1205 1282 576 
6 22 1205 1155 1075 576 

35
0,

00
0 

1 327 1845 1745 1665 874 
2 242 1720 1745 1665 874 
3 161 820 641 925 874 
4 94 1280 871 1230 874 
5 44 2051 1975 1925 874 
6 22 1975 1925 2050 874 

Notes: SHADED cells indicate that the proposed Qld separation distance formula was less 
conservative than the Calpuff predicted odour separation requirement. 

S ummary for Domain B  
In Domain B, the separation distance formula seemed to be less effective at calculating conservative 
separation distances when compared to Domain A. For Domain B, position 1, the separation distance 
formula worked reasonably well when compared with the Calpuff predictions when using production 
temperatures for emission temperatures. Even when using ambient emission temperatures, the 
separation distance formula calculated separation distances within 100-200 m of the Calpuff 
predictions. In position 2, however, the separation distance formula predicted comparable separation 
distances along two of the six transects (transects three and four), but fell short on the remaining four). 

As with Domain A, there was considerable variability in the separation distances estimated by Calpuff, 
especially in position 1. Also, the use of production emission temperatures resulted in slightly shorter 
separation distances compared with using ambient emission temperatures. 

Domain C 

Domain C represents a broiler growing area located north of Brisbane. Figure 55 shows the position of 
the hypothetical farm, including terrain contours and six transects for comparison between the 
different separation distance methods.  
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Full details of Domain C are provided in Appendix 7. 

Full details of the separation distance formula calculations and Calpuff outputs for Domain C are 
provided in Appendix 9 (refer to Appendix 9 Figure 25 to Appendix 9 Figure 30). 

 

Figure 55: Hypothetical farm in Domain C: including terrain contours and the six transects for 
application of the separation distance formula 

The distances measured along each transect from Calpuff modelling (using different emission 
temperatures and volume source configuration) and the separation distance formula are summarised in 
Table 14. 

In Table 14, cells have been shaded where the distances calculated by the separation distance formula 
were shorter than those predicted by Calpuff; potentially indicating that the formula would provide 
less protection against odour nuisance for neighbours oriented in that direction from the farm. 
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Table 14:  Domain C: Separation distances for hypothetical farms in along defined transects; calculated 
using Calpuff (using different emission temperatures and source description) and the 
proposed Qld separation distance formula 
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1 348 1045 1008 185 490 
2 289 1005 1045 185 444 
3 251 1045 930 225 444 
4 151 970 1005 205 490 
5 98 785 560 185 490 
6 30 1195 1005 185 490 

35
0,

00
0 

1 348 1305 1305 525 743 
2 289 1567 1605 375 673 
3 251 1830 1790 375 673 
4 151 1530 1380 305 743 
5 98 1305 1120 225 743 
6 30 1865 1565 450 743 

Notes: SHADED cells indicate that the propose Qld separation distance formula was less conservative 
than the Calpuff predicted odour separation requirement. 

S ummary for Domain C  
In Domain C, the separation distance formula did not appear to be effective at calculating conservative 
separation distances. Along all transects, the formula calculated distances that were approximately half 
the size of the ones predicted by Calpuff.  

There was considerable variability between the separation distances predicted by Calpuff using the 
volume source configuration and short stacks configurations, with the volume source configuration 
requiring substantially shorter distances. As with Domains A and B, the use of production emission 
temperatures generally resulted in slightly shorter predictions of separation distance compared with 
using ambient emission temperatures. 

Domain D 

Domain D represents a coastal broiler growing area located just south of Brisbane. Figure 56 shows 
the position of the hypothetical farm, including terrain contours and six transects for comparison 
between the different separation distance methods.  

Full details of Domain D are provided in Appendix 7. 

Full details of the separation distance formula calculations and Calpuff outputs for Domain D are 
provided in Appendix 9 (refer to Appendix 9 Figure 31 to Appendix 9 Figure 36). 
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Figure 56: Hypothetical farm in Domain D: including terrain contours and the six transects for 
application of the separation distance formula 

The distances measured along each transect from Calpuff modelling (using different emission 
temperatures and volume source configuration) and the separation distance formula are summarised in 
Table 15. 

In Table 15, cells have been shaded where the distances calculated by the separation distance formula 
were shorter than those predicted by Calpuff; potentially indicating that the formula would provide 
less protection against odour nuisance for neighbours oriented in that direction from the farm. 

Table 15:  Domain D: Separation distances for hypothetical farms in along defined transects; calculated 
using Calpuff (using different emission temperatures and source description) and the 
proposed Qld separation distance formula  
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1 0 515 430 60 490 
2 308 371 285 60 490 
3 248 460 315 60 490 
4 163 540 371 285 490 
5 100 400 315 285 490 
6 28 485 460 315 490 

35
0,

00
0 

1 0 660 515 457 743 
2 308 485 485 455 743 
3 248 828 600 660 743 
4 163 660 660 742 743 
5 100 715 630 742 743 
6 28 630 571 685 743 

Notes: SHADED cells indicate that the propose Qld separation distance formula was less conservative 
than the Calpuff predicted odour separation requirement. 
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S ummary for Domain D 
In Domain D, the separation distance formula appeared to be very effective at calculating conservative 
separation distances. Along all transects, the formula calculated longer separation distances than those 
predicted by Calpuff (except for a few instances when ambient temperatures were used as the emission 
temperature). As with Domains A, B and C, the use of production temperatures to estimate emission 
temperatures resulted in slightly shorter separation distances. 

Effect of emission temperature and source configuration on predicted odour 
impacts using Calpuff at hypothetical farms 

Selection of emission temperature (when representing the source using stacks) had a considerable 
influence on the prediction of separation distances when using Calpuff. Setting the emission 
temperatures equal to target production temperatures had the effect of shortening the required 
separation distances compared to using ambient emission temperatures for 80–90% of the transects. 
Figure 57 is a histogram summarising the percentage increase in separation distances when emission 
temperature was set to production temperatures rather than ambient temperature. The average 
reduction in separation distance by using production temperatures was 18%, but in some instances the 
reduction in separation distance was by 50–60%.          
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Figure 57: Histogram summarising the percentage increase in separation distances due to modelling 
with emission temperatures equal to production temperature rather than ambient 
temperature. 

Source configuration also had an effect on the prediction of separation distances. The use of a volume 
source configuration produced a more uniform (circular) buffer zone around the farm compared to 
when the farm was modelled using point sources. 

These findings demonstrate that model configuration is critical to accurately simulate odour plumes to 
predict the likelihood of odour nuisance, and begs the question as to which configuration most likely 
represents ‘true’ odour impacts.  

In this exercise, odour emission rates used in Calpuff were estimated using the method described by 
Ormerod and Holmes (2005). An assumption has been made that these emission rates are typical for 
modern broiler farms. Selection of an alternate method for estimating emission rates, or better still 
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using actual broiler shed emission rates (if they were available), is likely to result in different Calpuff 
predictions of separation distances. 

There was a large range of separation distances observed in the Calpuff modelling (see Table 16). For 
farms with 175,000 birds, separation distances ranged from 60–1285 m and for farms with 350,000 
birds, separation distances ranged from 225–2050 m. Since farms of the same size were modelled 
using similar emission rates, variability in separation distances was most likely due to terrain and 
weather influences.  

Table 16: Minimum and maximum separation distances for each hypothetical farm (for the separation 
distance formula, the maximum range was recorded (Farm rating S1=1, sensitive receptors 
and excluding upslope valley drainage) 

Fa
rm

 
Si

ze
 

Farm 

Range of separation distances (m) 
Qld separation 

formula 
(Max range) 

Calpuff (to 2.5 ou contour) 
Ambient 

emission temp 
Production 

emission temp Volume source 

17
5,

00
0 

A1 

444 – 922 

315 – 1320 283 – 566 380 – 945 
A2 377 – 1205 375 – 520 360 – 880 
B1 505 – 780 225 – 465 820 – 931 
B2 615 – 1285 410 – 1205 770 – 1282 
C 785 – 1195 560 – 1080 185 – 225 
D 371 – 540 285 – 460 60 – 285 

35
0,

00
0 

A1 

673 – 1398 

503 – 1732 472 – 1640 520 – 1200 
A2 555 – 1490 470 – 1205 520 – 1295 
B1 840 – 1695 390 – 1770 1025 – 1920 
B2 820 – 2051 641 – 1975 925 – 2050 
C 1305 – 1865 1120 – 1605 225 – 525 
D 485 – 828 485 – 660 457 – 742 

 
The range of separation distances that can be calculated with the separation distance formula generally 
covered the range of separation distances determined using Calpuff, but the formula did not 
correspond to the most extreme values. 

Assessment of the effect of farm size on prediction of separation distances 

E ffec t of farm s ize on s eparation dis tanc e 
When the farm size was doubled (for each hypothetical farm) the separation distance requirement 
increased. Using the separation distances predicted by Calpuff, the magnitude of this increase was 
calculated using a ratio of the separation distances along each transect. 

Figure 58 shows that when the farm size was doubled, the separation distance increased by a factor of 
1.2 to 2.0 in the majority of cases. The average of these results was a ratio of 1.51 (ratios above 2 were 
excluded to prevent high values from having strong leverage on the data). Coincidently, this is the 
same as 20.6, which is the same exponent used in the proposed Qld separation distance formula (see 
Equation 3). This finding supports the use of the 0.6 exponent in the proposed formula and 
demonstrates that doubling the emission source is unlikely to double the required separation distance. 
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Figure 58: Histogram of the ratio between Calpuff separation distances when farm size was doubled 

 
E ffec t of farm s ize on the c omparis on between C alpuff and the propos ed Qld s eparation 
dis tanc e formula 
Overall, the proposed Qld separation distance formula calculated longer separation distances than 
Calpuff in 49% of cases when using ambient emission temperatures, 66% of cases when using 
production emission temperatures and 58% of cases when the shed was configured as a volume source. 
The data was then divided according to farm size.  

Rather than simply being a pass-fail test for the separation distance formula (where pass indicated that 
the formula calculated a larger separation distance than Calpuff), the ratio between the separation 
distances was calculated along each transect at each hypothetical farm. A ratio of 1.0 implies that the 
separation distance formula and Calpuff produced the same separation distance. Below 1.0, the 
separation distance formula calculated a smaller distance than Calpuff and above 1.0, the formula 
calculated a greater separation distance. 

Figure 59 is a histogram summarising these ratios for the hypothetical farms with 175,000 birds and 
Figure 60 is for the hypothetical farms with 350,000 birds. Comparison of these two figures reveals 
only minor differences due to farm size. The histogram for 350,000 birds appears to be more heavily 
weighted for ratios less than 1.0, indicating more instances of the formula calculating smaller 
separation distances; however, at the critical point (ratio = 1.0), the percentage of failure (by the 
formula) for farms with 175,000 birds ranged from 31–53% (depending on Calpuff configuration) 
whilst for farms with 350,000 birds ranged from 36–56%. This demonstrates that the separation 
distance formula performed the same for the 350,000 bird farm despite this farm size being outside the 
recommended capability of the proposed Qld separation distance formula. 

Based on this finding, the proposed Qld separation distance formula appears to be no less suitable for 
application to a proposed broiler farm with 350,000 birds as it is for 175,000 birds. 
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Separation distance ratios for 175,000 bird farms
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Figure 59: Histogram of the ratio between separation distances calculated from the proposed Qld 
separation distance formula and Calpuff for hypothetical farms with 175,000 birds 

Separation distance ratios for 350,000 bird farms
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Figure 60: Histogram of the ratio between separation distances calculated from the proposed Qld 
separation distance formula and Calpuff for hypothetical farms with 350,000 birds 
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C ould the propos ed Queens land s eparation dis tanc e formula be improved?  
During the comparison with existing and hypothetical broiler farms, the separation distance formula 
tended to under-estimate separation distances when: 

o The farm was located on the side of a hill, in which case the 2.5 ou contour tended to 
extend around the hill (on the same elevation as the farm) rather than down the slope. 

o When the surface roughness of the land surrounding the farm was considered to be grassy 
or ‘long grass/few trees’. 

To improve the calculation of separation distances using the formula in these situations, an alternative 
methodology was trialled whereby: 

o The description of “Sloping terrain – down slope” was changed to include the cross-slope 
direction (for any receptor on the same or lower elevation, regardless of the position 
around a hill). For receptors meeting this condition, the multiplier assigned was 1.5. 

o Surface roughness values were arbitrarily increased according to the following table: 

Descriptor Original 
multiplier 

Alternative 
multiplier 

Long grass/few 
trees 1 1.2 

Level wooded 
country 0.85 1 

Heavy timber 0.77 0.85 

 
Applying this methodology reduced the number of the occurrences when the separation distance 
formula calculated shorter separation distances than Calpuff.  

Figure 61 is a histogram summarising the ratio of separation distances using the original methodology 
and Figure 62 summarises the ratios with this alternate methodology. The peak at a ratio of 0.5 in 
Figure 61 was reduced with the alternate methodology, as was the percentage of occurrences when the 
separation distance formula calculated shorter separation distances than Calpuff (reduced from 33–
54% with the original methodology to 22–35% with the alternate methodology). On the other hand, 
there was a substantial increase in the number of occurrences when the separation distance calculated 
by the formula was more than twice as large as the separation distance determined by Calpuff. This is 
a less than encouraging outcome and demonstrates that the methodology for the proposed Qld 
separation distance formula should not be flippantly adjusted without further testing and development. 
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Figure 61: Histogram of the ratio between the separation distances calculated using the separation 

distance formula and Calpuff (Original methodology with various Calpuff emission 
temperatures and volume source configuration)  
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Figure 62: Histogram of the ratio between the separation distances calculated using the separation 
distance formula and Calpuff (Alternative methodology with various Calpuff emission 
temperatures and volume source configuration) 

In addition to terrain and surface roughness effects, the separation distance formula tended to under-
predict separation distances for farms that frequently experience low wind speeds and very stable 
atmospheric conditions. The wind roses and stability class information supplied with existing Farm B 
and hypothetical Farms A1, A2, B1, B2 and C (see Appendix 6 and Appendix 7) demonstrated greater 
occurrences of these conditions, corresponding to a greatly extended 2.5 ou contour (from Calpuff) in 
the direction of the low wind speeds. Consequently, the separation distance predictions by the 
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separation distance formula may potentially be improved by including a low wind speed factor. 
However, based on the limited weather data supplied for the farms in this exercise, we are unable to 
recommend exactly what criteria should be used to define this factor, but a multiplier of 1.5 (as used in 
the NSW separation distance formula method) in the directions of dominant low wind speeds may 
improve the separation distance estimations by the proposed Qld separation distance formula. 
Unfortunately, the inclusion of a low wind speed factor would reduce the usability of the current 
formula because specific wind data would need to be acquired. 

Summary of comparison between Calpuff and separation distance formulas for 
hypothetical farms 

o The proposed Qld separation distance formula provided a relatively simple and transparent method 
to estimate separation distance requirements. 

o For this exercise, Calpuff was chosen as a ‘superior’ modelling tool, against which the proposed 
Qld separation distance formula was assessed, but there was substantial variability in the Calpuff 
outputs due to selection of modelling inputs or configuration.  

o In the majority of cases, the proposed Qld separation distance formula calculated larger, more 
conservative separation distances than Calpuff. 

o In some instances, the proposed Qld separation distance formula calculated much shorter 
separation distances than Calpuff. 

o Low wind speeds (interpreted from wind roses) tended to elongate the 2.5 ou contour in the 
Calpuff modelling, to which the separation distance formula calculated shorter separation 
distances. 

o The separation distance formula tended to under-estimate separation distances (compared to 
Calpuff) when low wind speeds, low surface roughness and complex terrain (especially cross-
slope wind fields) combined. 

o The proposed Qld separation distance formula can be applied to farms up to 350,000 birds. 
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Conclusions 
K E Y  F INDING S  
• The air exhausted from broiler sheds is frequently warmer than the 

ambient air (often by 2–10 °C). 

• Poultry shed plumes that are warmer than ambient air are buoyant and 
rise. 

• Calpuff does not appear to accurately model plume rise from broiler 
sheds (when compared to CFD modelling). 

• When modelling hypothetical farms (using real terrain and weather 
data), emission temperature (ambient or production temperatures) 
influenced separation distances. 

• The proposed Queensland separation distance formula calculated 
more conservative separation distances than Calpuff modelling in 
many instances, but also calculated shorter separation distances. 

 

Thermal Buoyancy 

• CFD modelling demonstrated that: 

o poultry shed plumes will rise, even when the exhausted air is only slightly warmer than 
ambient (e.g. 2 °C). This finding questions the practice of neglecting the effects of thermal 
buoyancy when modelling broiler shed plumes; 

o when the exhausted air was 6–10 °C warmer than ambient, the plumes rose by 30–50 m, at 
a position 300 m downwind (assuming wind speed of 2 m/s); and 

o plume rise will be affected by temperature differential, wind direction, wind speed and 
ventilation rate. 

• In contrast to CFD, Calpuff did not demonstrate any plume rise, even when the exhausted air was 
10 °C warmer than ambient air. 

• As Calpuff did not appear to simulate plume rise, there was virtually no difference in downwind 
impact when the emission source was modelled as short stacks with no vertical momentum; short 
stacks with low vertical velocity of 0.01 m/s; or as a volume source. 

• The CFD model predicted narrower plumes than Calpuff, due to inherent turbulence and puff 
splitting formulations in Calpuff and because Calpuff reports an average plume concentration 
rather than the instantaneous plume concentration reported by CFD. 

• Minimal plume rise predicted by Calpuff will result in higher ground level concentrations, and 
consequently longer, more conservative separation distances for receptors at ground level. For 
elevated receptors, the inability of Calpuff to predict plume rise may under-predict odour impacts.  

• Calpuff appeared to under-predict ground level concentrations (relative to CFD) during conditions 
when plume buoyancy was unlikely and during stable atmospheric conditions. Calpuff outputs 
may need to be adjusted for these conditions. The differences between the two models may have 
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been due to modelling ‘constant’ wind conditions, for which Calpuff automatically includes 
turbulence adjustments while CFD does not. 

• When smoke flares were used to visualise shed exhaust air, it was observed that: 

o the exhaust plume was buoyant and rose vertically, even when the exhausted air was only 
1–2 °C warmer than ambient air; 

o when the exhausted air was warmer than ambient by 5–8 °C, plume rise was almost 
immediate, with the plume rising within 20 m of the shed; 

o for several smoke releases conducted around sunrise (and presumably stable atmospheric 
conditions), the smoke dispersed horizontally at a height of 15–20 m, despite rapid and 
almost immediate plume rise of the exhausted air; 

o for smoke releases conducted an hour or more after sunrise (presumably neutral or 
unstable atmospheric conditions), plumes rose and dispersed vertically when the plume 
was thermally buoyant; and 

o the distance at which the plume began to rise was influenced by wind speed, wind 
direction, temperature differential (exhaust air versus ambient air) and fan activity (this 
observation supports the CFD model predictions). 

• Measurement of temperature profiles immediately downwind from the shed demonstrated that: 

o the temperature of the exhausted air approached ambient air temperature very rapidly, 
typically within 40 m from the shed; 

o when the exhausted air temperature was similar to ambient temperature, exhaust plume 
shape was difficult to distinguish from the collected temperature data; and 

o when the exhausted air was 3 °C (or more) warmer than ambient air, temperature 
recordings indicated that the plume rose within a short distance of the shed. 

• When Calpuff was used to model hypothetical broiler farms using different emission temperature 
inputs and source configuration (volume source): 

o separation distance varied with emission temperature. In general, modelling broiler sheds 
with emission temperatures equal to ambient temperature resulted in longer separation 
distance compared to when broiler sheds were modelled using target production 
temperatures as the emission temperature; and 

o dominant low wind speed directions corresponded with significant elongation of the 
2.5 ou contour. 

Separation distance formula 

• When the proposed Queensland separation distance formula was applied to five existing broiler 
farms for comparison to approved Calpuff modelling outputs: 

o receptors surrounding four out of five farms would have been adequately protected by the 
use of the formula (compared against Calpuff modelling). At the fifth farm, the formula 
calculated shorter distances than those estimated using Calpuff; 

o four out of five farms would not have been immediately approved on the basis of the 
separation distance formula due to receptors being within the calculated distance. This 
would have required site specific dispersion modelling or alternatively, re-siting or re-
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sizing of the farm. Nevertheless, at these four farms, the receptors were protected by 
the use of the separation distance formula as a first stage assessment tool; and 

o the proposed Queensland formula calculated similar distances to the South Australian 
method, shorter distances than the New South Wales method and larger distances than the 
Victorian method. These other methods, however, are designed to address different air 
quality objectives as legislated in those states. 

• When the proposed Queensland separation distance formula was applied to hypothetical broiler 
farms (located in broiler growing regions in southeast Queensland) for comparison against 
Calpuff:  

o the separation distance formula calculated longer separation distances than Calpuff in the 
majority of cases; 

o the separation distance formula calculated shorter distances than Calpuff in some 
instances; 

o the separation distance formula tended to under-estimate separation distances (compared 
to Calpuff) when low wind speeds, low surface roughness and complex terrain (especially 
cross-slope wind fields) combined; and 

o selection of inputs/factors used in the formula is unambiguous, and readily available for 
review and alternate interpretation. On the other hand, the selection of inputs for the 
Calpuff modelling and reasons for variability between modelling outputs are not as clear. 

(It should be remembered that comparisons between the two methods at these hypothetical 
farms were made along transects where the Calpuff predicted odour contour was elongated, 
and therefore the most likely situations where the separation distance formula would be 
relatively shorter.) 

• There was substantial variability between Calpuff outputs due to the selection of modelling 
configuration (source configuration and emission temperatures). The overall performance of the 
separation distance formula was dependent on the chosen Calpuff modelling configuration. 
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Implications     
Outcomes from this report may change the way that separation distances are currently estimated for 
broiler farms. In particular, the adoption of a single methodology for modelling odour emissions from 
broiler sheds, using realistic shed emission temperatures (not ambient), will result in a more consistent 
approach to modelling odour impacts. This will reduce contention of modelling outcomes, and 
decrease the frequency of appeals during the development assessment process. 
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Recommendations  
Recommendations regarding Calpuff modelling of broiler farms and inclusion of 
thermal buoyancy 

o Air exhausted from broiler sheds is usually warmer than the ambient air. Consequently, broiler 
sheds should be modelled with the exhaust air temperature approximated using target production 
temperatures or other suitable estimate of exhaust temperature (for example, by using Equation 2). 

o A single methodology regarding source configuration and the selection of emission temperature 
inputs needs to be adopted to ensure consistency in modelling results when using Calpuff. 

o Receptors that are located at a higher elevation than the farm need to be considered cautiously. If 
Calpuff is not adequately simulating plume rise (as suggested in this report), it is likely that 
impacts on elevated receptors are not being adequately addressed. 

o Calpuff demonstrated significant elongation in the 2.5 ou contour in the directions of low wind 
speed. This resulted in separation distances ranging from 1300–2050 m. Existing Calpuff 
modelling outputs similar to these should be checked against complaint records to assess the 
occurrence of odour complaints at these distances. 

Recommendations for the proposed Queensland separation distance formula 

o Adoption of the proposed Qld separation distance formula should be strongly considered.  

• In the majority of cases tested during this exercise, the formula calculated greater 
separation distances than Calpuff, which would improve protection for residents; however, 
in 33–50% of cases examined in this project, the separation distance formula under 
predicted separation distances when compared with Calpuff. 

• Parameters used when applying the formula are immediately available for peer review; 
and the method can be consistently applied from farm to farm. 

• The multiplier for the ‘Farm design/management factor”, S1 should be fixed at 1.0, as new 
farms will only be operated using best available design and management. (Broiler 
production has evolved since the formula was proposed in 2005.) Use of this multiplier 
resulted in conservative estimates of separation distances in the majority of cases 
examined in this exercise. 

o Changes to the methodology should be considered to reduce occurrences when the separation 
distance formula under predicted separation distances (when compared to Calpuff modelling). 

• Small changes to the definitions and multipliers for terrain and surface roughness factors 
may improve the reliability of the formula; however, care must be taken to ensure that 
increasing the multipliers does not make the separation distance formula excessively 
conservative.  

• Inclusion of a low wind speed factor should be investigated; however, improvements in 
prediction of separation distances would need to be balanced with useability of the 
formula, especially the requirements to acquire detailed weather data. 

• The formula should be tested for many broiler farms before changes to the methodology 
are made. 

• The formula can be applied to farms up to 350,000 birds. 

o The exercise of applying the proposed Qld separation distance formula to existing broiler farms, 
approved on the basis of Calpuff modelling, should be expanded to include a greater number of 
examples covering a wider range of environmental and farm variables. 
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1 Appendix 1 

Appendix 1:  CFD modelling report 
Pacific Air and Environment, 2009. Modelling Plume Rise from Poultry Sheds. Job No. 2655, 1 June 
2009. Pacific Air and Environment, Brisbane. 
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2 Appendix 3 

Appendix 2:  CFD outputs: 
Plume concentrations 
For selected cases 
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Appendix 2 Figure 1: Case 1 (6 °C Delta T, 2 m/s wind speed, 0° Co-flow wind direction, 50% 

ventilation) 

 
Appendix 2 Figure 2: Case 3 (6 °C Delta T, 2 m/s wind speed, 0° Co-flow wind direction, 100% 

ventilation) 

 
Appendix 2 Figure 3: Case 4 (10 °C Delta T, 2 m/s wind speed, 0° Co-flow wind direction, 50% 

ventilation) 

 
Appendix 2 Figure 4: Case 6 (0 °C Delta T, 2 m/s wind speed, 0° Co-flow wind direction, 50% 

ventilation) 

 
Appendix 2 Figure 5: Case 7 (-6 °C Delta T, 2 m/s wind speed, 0° Co-flow wind direction, 50% 

ventilation) 
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Appendix 2 Figure 6: Case 11 (6 °C Delta T, 2 m/s wind speed, 90° wind direction, 50% ventilation): 

Front view (top) and Top view (bottom) 

 
Appendix 2 Figure 7: Case 13 (6 °C Delta T, 2 m/s wind speed, 180° Counter-flow wind direction, 50% 

ventilation) 

 
Appendix 2 Figure 8: Case 14 (6 °C Delta T, 0.5 m/s wind speed, 0° Co-flow wind direction, 50% 

ventilation) 

 
Appendix 2 Figure 9: Case 15 (6 °C Delta T, 10 m/s wind speed, 0° Co-flow wind direction, 50% 

ventilation) 
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3 Appendix 4 

Appendix 3:  CFD outputs: 
plume temperatures 
For selected scenarios 
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Appendix 3 Figure 1: Case 1 (6 °C Delta T, 2 m/s wind speed, 0° Co-flow wind direction, 50% 

ventilation) 

 
Appendix 3 Figure 2: Case 3 (6 °C Delta T, 2 m/s wind speed, 0° Co-flow wind direction, 100% 

ventilation) 

 
Appendix 3 Figure 3: Case 4 (10 °C Delta T, 2 m/s wind speed, 0° Co-flow wind direction, 50% 

ventilation) 

 
Appendix 3 Figure 4: Case 6 (0 °C Delta T, 2 m/s wind speed, 0° Co-flow wind direction, 50% 

ventilation) 

 
Appendix 3 Figure 5: Case 7 (-6 °C Delta T, 2 m/s wind speed, 0° Co-flow wind direction, 50% 

ventilation) 
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Appendix 3 Figure 6: Case 11 (6 °C Delta T, 2 m/s wind speed, 90° perpendicular wind direction, 50% 

ventilation) 

 
Appendix 3 Figure 7: Case 13 (6 °C Delta T, 2 m/s wind speed, 180° Counter-flow wind direction, 50% 

ventilation) 

 
Appendix 3 Figure 8: Case 14 (6 °C Delta T, 0.5 m/s wind speed, 0° Co-flow wind direction, 50% 

ventilation) 

 
Appendix 3 Figure 9: Case 15 (6 °C Delta T, 10 m/s wind speed, 0° Co-flow wind direction, 50% 

ventilation) 
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4 Appendix 5 

Appendix 4:  CFD outputs:  
plume vertical velocity 
For selected scenarios 
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Appendix 4 Figure 1: Case 1 (6 °C Delta T, 2 m/s wind speed, 0° Co-flow wind direction, 50% 

ventilation) 

 
Appendix 4 Figure 2: Case 3 (6 °C Delta T, 2 m/s wind speed, 0° Co-flow wind direction, 100% 

ventilation) 

 
Appendix 4 Figure 3: Case 4 (10 °C Delta T, 2 m/s wind speed, 0° Co-flow wind direction, 50% 

ventilation) 

 
Appendix 4 Figure 4: Case 6 (0 °C Delta T, 2 m/s wind speed, 0° Co-flow wind direction, 50% 

ventilation) 

 
Appendix 4 Figure 5: Case 7 (-6 °C Delta T, 2 m/s wind speed, 0° Co-flow wind direction, 50% 

ventilation) 
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Appendix 4 Figure 6: Case 11 (6 °C Delta T, 2 m/s wind speed, 90° wind direction, 50% ventilation) 

 
Appendix 4 Figure 7: Case 13 (6 °C Delta T, 2 m/s wind speed, 180° wind direction, 50% ventilation) 

 
Appendix 4 Figure 8: Case 14 (6 °C Delta T, 0.5 m/s wind speed, 0° wind direction, 50% ventilation) 

 
Appendix 4 Figure 9: Case 15 (6 °C Delta T, 10 m/s wind speed, 0° Co-flow wind direction, 50% 

ventilation) 
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5 Appendix 5 

Appendix 5:  Plume temperature profiles 
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A ppendix 5 C as e 1 

 
Table of conditions 

Date Time Ambient 
temp (°C) 

Shed 
emission 

temp (°C) 

Wind speed 
(2m) (m.s-1) 

Wind direction 
(2m) (deg) 

Number of 
active fans 

27/11/2008 14:34 2m: 28.6 
10m: 27.3 28.5 2m: 1.2 

10m: 1.9 
2m: 117 

10m: 104 8 

 
A ppendix 5 C as e 2 

 
Table of conditions 

Date Time Ambient 
temp (°C) 

Shed 
emission 

temp (°C) 

Wind speed 
(2m) (m.s-1) 

Wind direction 
(2m) (deg) 

Number of 
active fans 

27/11/2008 16:46 2m: 27.6 
10m: 27.1 27.7 2m: 0.36 

10m: 1.4 
2m: 110 
10m: 99 8 

 
A ppendix 5 C as e 3 

 
Table of conditions 

Date Time Ambient 
temp (°C) 

Shed 
emission 

temp (°C) 

Wind speed 
(2m) (m.s-1) 

Wind direction 
(2m) (deg) 

Number of 
active fans 

27/11/2008 17:17 2m: 25.6 
10m: 25.2 27.1 2m: 1.2 

10m: 1.9 
2m: 117 

10m: 104 8 
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A ppendix 5 C as e 4 

Table of conditions 

Date Time Ambient 
temp (°C) 

Shed 
emission 

temp (°C) 

Wind speed 
(2m) (m.s-1) 

Wind direction 
(2m) (deg) 

Number of 
active fans 

27/11/2008 19:28 2m: 23.0 
10m: 23.0 25.2 2m: 0.78 

10m: 1.4 
2m: 117 
10m: 98 7 

 
A ppendix 5 C as e 5 

 
Table of conditions 

Date Time Ambient 
temp (°C) 

Shed 
emission 

temp (°C) 

Wind speed 
(2m) (m.s-1) 

Wind direction 
(2m) (deg) 

Number of 
active fans 

27/11/2008 19:57 2m: 22.8 
10m: 22.8 25.0 2m: 0.33 

10m: 0.86 
2m: 115 

10m: 106 6 

 
A ppendix 5 C as e 6 

Table of conditions 

Date Time Ambient 
temp (°C) 

Shed 
emission 

temp (°C) 

Wind speed 
(2m) (m.s-1) 

Wind direction 
(2m) (deg) 

Number of 
active fans 

27/11/2008 20:32 2m: 22.4 
10m: 22.4 24.8 2m: 0.27 

10m: 0.85 
2m: 92 
10m: 96 6 
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A ppendix 5 C as e 7 

 
Table of conditions 

Date Time Ambient 
temp (°C) 

Shed 
emission 

temp (°C) 

Wind speed 
(2m) (m.s-1) 

Wind direction 
(2m) (deg) 

Number of 
active fans 

28/11/2008 04:45 2m: 20.1 
10m: 20.3 23.5 2m: 0.12 

10m: 0.12 
2m: 243 

10m: 111 5 

 
A ppendix 5 C as e 8 

 
Table of conditions 

Date Time Ambient 
temp (°C) 

Shed 
emission 

temp (°C) 

Wind speed 
(2m) (m.s-1) 

Wind direction 
(2m) (deg) 

Number of 
active fans 

01/12/2008 04:03 2m: 12 
10m: 12.4 20.1 2m: 0.25 

10m: 0.23 
2m: 273 

10m: 253 1 

 
A ppendix 5 C as e 9 

 
Table of conditions 

Date Time Ambient 
temp (°C) 

Shed 
emission 

temp (°C) 

Wind speed 
(2m) (m.s-1) 

Wind direction 
(2m) (deg) 

Number of 
active fans 

01/12/2008 15:12 2m: 32.8 
10m: 32.0 30.4 2m: 0.55 

10m: 0.75 
2m: 92 
10m: 97 8 
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A ppendix 5 C as e 10 

 
Table of conditions 

Date Time Ambient 
temp (°C) 

Shed 
emission 

temp (°C) 

Wind speed 
(2m) (m.s-1) 

Wind direction 
(2m) (deg) 

Number of 
active fans 

01/12/2008 15:46 2m: 32.1 
10m: 31.1 29.1 2m: 1.0 

10m: 1.9 
2m: 106 
10m: 94 8 

 
A ppendix 5 C as e 11 

 
Table of conditions 

Date Time Ambient 
temp (°C) 

Shed 
emission 

temp (°C) 

Wind speed 
(2m) (m.s-1) 

Wind direction 
(2m) (deg) 

Number of 
active fans 

01/12/2008 19:47 2m: 22.0 
10m: 23.9 24.7 2m: 0.31 

10m: 0.19 
2m: 223 

10m: 281 8 

 
A ppendix 5 C as e 12 

 
Table of conditions 

Date Time Ambient 
temp (°C) 

Shed 
emission 

temp (°C) 

Wind speed 
(2m) (m.s-1) 

Wind direction 
(2m) (deg) 

Number of 
active fans 

02/12/2008 02:11 2m: 15.4 
10m: 16.1 20.2 2m: 0.33 

10m: 0.11 
2m: 245 

10m: 286 2 
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A ppendix 5 C as e 13 

 
Table of conditions 

Date Time Ambient 
temp (°C) 

Shed 
emission 

temp (°C) 

Wind speed 
(2m) (m.s-1) 

Wind direction 
(2m) (deg) 

Number of 
active fans 

02/12/2008 02:23 2m: 15.3 
10m: 15.8 19.9 2m: 0.13 

10m: 0.06 
2m: 293 

10m: 106 2 

 
A ppendix 5 C as e 14 

 
Table of conditions 

Date Time Ambient 
temp (°C) 

Shed 
emission 

temp (°C) 

Wind speed 
(2m) (m.s-1) 

Wind direction 
(2m) (deg) 

Number of 
active fans 

02/12/08 03:38 2m: 14.6 
10m: 15.1 19.5 2m: 0.14 

10m: 0.22 
2m: 317 

10m: 354 1 

 
A ppendix 5 C as e 15 

 
Table of conditions 

Date Time Ambient 
temp (°C) 

Shed 
emission 

temp (°C) 

Wind speed 
(2m) (m.s-1) 

Wind direction 
(2m) (deg) 

Number of 
active fans 

02/12/2008 03:51 2m: 14.5 
10m: 14.9 20.4 2m: 0.14 

10m: 0.35 
2m: 309 

10m: 106 2 
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A ppendix 5 C as e 16 

 
Table of conditions 

Date Time Ambient 
temp (°C) 

Shed 
emission 

temp (°C) 

Wind speed 
(2m) (m.s-1) 

Wind direction 
(2m) (deg) 

Number of 
active fans 

02/12/2008 04:07 2m: 14.4 
10m: 14.9 20.3 2m: 0.37 

10m: 0.44 
2m: 309 
10m: 91 2 

 
A ppendix 5 C as e 17 

 
Table of conditions 

Date Time Ambient 
temp (°C) 

Shed 
emission 

temp (°C) 

Wind speed 
(2m) (m.s-1) 

Wind direction 
(2m) (deg) 

Number of 
active fans 

02/12/2008 04:47 2m: 14.1 
10m: 14.7 19.9 2m: 0.18 

10m: 0.09 
2m: 265 

10m: 256 2 

 
A ppendix 5 C as e 18 

 
Table of conditions 

Date Time Ambient 
temp (°C) 

Shed 
emission 

temp (°C) 

Wind speed 
(2m) (m.s-1) 

Wind direction 
(2m) (deg) 

Number of 
active fans 

02/12/2008 05:20 2m: 14.4 
10m: 15.7 20.1 2m: 0.14 

10m: 0.20 
2m: 117 

10m: 327 2 
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A ppendix 5 C as e 19 

 
Table of conditions 

Date Time Ambient 
temp (°C) 

Shed 
emission 

temp (°C) 

Wind speed 
(2m) (m.s-1) 

Wind direction 
(2m) (deg) 

Number of 
active fans 

02/12/2008 06:00 2m: 16.4 
10m: 19.2 21 2m: 0.08 

10m: 0.27 
2m: 29 

10m: 98 3 

 
A ppendix 5 C as e 20 

 
Table of conditions 

Date Time Ambient 
temp (°C) 

Shed 
emission 

temp (°C) 

Wind speed 
(2m) (m.s-1) 

Wind direction 
(2m) (deg) 

Number of 
active fans 

02/12/2008 07:28 2m: 23.7 
10m: 22.8 24.7 2m: 0.71 

10m: 1.31 
2m: 98 

10m: 109 8 
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6 Appendix 6 

Appendix 6:  Report for Calpuff modelling 
hypothetical broiler farms 

 (Consultant PAEHolmes) 

PAEHolmes, 2009. Odour modelling and assessment - Meat chicken farms. Job No. 2655a, 7 July 
2009. Brisbane.  
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7 Appendix 6 

Appendix 7:  Report for Calpuff modelling 
hypothetical broiler farms 

 (Consultant: ANE) 

Air Noise Environment Pty. Ltd., 2009. Poultry Farm Research Project – Air Dispersion Modelling, 
Project 2143, June 2009. 
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8 Spreadsheet outputs from separation distance formulas 

Appendix 8:  Existing farms - Separation 
distance formula calculations 

 (Hypothetical farms) 
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Existing Farm A – separation distances to receptors as calculated with separation 
distance formulas 

Qld Formula SA Formula NSW Formula Vic Formula 
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Existing Farm B – separation distances to receptors as calculated with separation 
distance formulas 
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Existing Farm C – separation distances to receptors as calculated with separation 
distance formulas 
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Existing Farm D – separation distances to receptors as calculated with separation 
distance formulas 
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9 Spreadsheet outputs from separation distance formulas 

Appendix 9:  Hypothetical farms - 
Separation distance formula 
calculations 

 (Hypothetical farms) 
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Hypothetical Farms Domain A – Separation distances calculated using separation 
distance formula and comparison with Calpuff modelling outputs 

  

H
yp

o
th

e
tic

a
l B

ro
ile

r 
F

a
rm

 S
e
p
a
ra

tio
n
 D

is
ta

n
ce

s 
 D

o
m

a
in

 A
, 

P
o
si

tio
n
 1

B
ir

d
 

N
u

m
b

er
s

R
ec

ep
to

r 
N

u
m

b
er

R
ec

ep
to

r 
T

yp
e

S
2

S
u

rf
ac

e 
R

o
u

g
h

n
es

s
S

3

T
o

p
o

g
ra

p
h

y/
T

er
ra

in
S

4
S

1
S

2
S

3
S

4
D

is
ta

n
ce

 R
eq

u
ir

ed
 

(d
et

er
m

in
ed

 b
y 

S
 

F
ac

to
r)

D
is

ta
n

ce
 t

o
 

2.
5 

O
U

 
B

o
u

n
d

ar
y

Is
 S

 F
ac

to
r 

fu
rt

h
er

 
th

an
 t

h
e 

2.
5 

O
U

 
B

o
u

n
d

ar
y

D
is

ta
n

ce
 t

o
 

2.
5 

O
U

 
B

o
u

n
d

ar
y

Is
 S

 F
ac

to
r 

fu
rt

h
er

 
th

an
 t

h
e 

2.
5 

O
U

 
B

o
u

n
d

ar
y

D
is

ta
n

ce
 t

o
 

2.
5 

O
U

 
B

o
u

n
d

ar
y

Is
 S

 F
ac

to
r 

fu
 

th
an

 t
h

e 
2.

5 
 

B
o

u
n

d
ar

y

1
7
5
0
0
0

1
S

e
n
si

tiv
e
 la

n
d
 

u
se

L
e
ve

l w
o
o
d
e
d
 

co
u
n
tr

y
F

la
t 

1
2
6

0
.8

5
1

4
9
0

1
3
2
0

N
o

5
3
5

N
o

9
4
5

N
o

1
7
5
0
0
0

2
S

e
n
si

tiv
e
 la

n
d
 

u
se

L
e
ve

l w
o
o
d
e
d
 

co
u
n
tr

y
S

lo
p
in

g
 t
e
rr

a
in

 (
1
-2

%
) 

d
o
w

n
sl

o
p
e

1
2
6

0
.8

5
1
.5

7
3
5

6
3
0

Y
e
s

5
0
5

Y
e
s

6
9
0

Y
e
s

1
7
5
0
0
0

3
S

e
n
si

tiv
e
 la

n
d
 

u
se

L
o
n
g
 g

ra
ss

, 
fe

w
 

tr
e
e
s

S
lo

p
in

g
 t
e
rr

a
in

 (
1
-2

%
) 

d
o
w

n
sl

o
p
e

1
2
6

1
1
.5

8
6
5

6
3
0

Y
e
s

5
6
6

Y
e
s

4
7
0

Y
e
s

1
7
5
0
0
0

4
S

e
n
si

tiv
e
 la

n
d
 

u
se

L
o
n
g
 g

ra
ss

, 
fe

w
 

tr
e
e
s

S
lo

p
in

g
 t
e
rr

a
in

 (
1
-2

%
) 

d
o
w

n
sl

o
p
e

1
2
6

1
1
.5

8
6
5

7
0
8

Y
e
s

5
0
4

Y
e
s

9
4
5

N
o

1
7
5
0
0
0

5
S

e
n
si

tiv
e
 la

n
d
 

u
se

L
o
n
g
 g

ra
ss

, 
fe

w
 

tr
e
e
s

F
la

t 
1

2
6

1
1

5
7
6

4
4
0

Y
e
s

4
0
9

Y
e
s

4
1
0

Y
e
s

1
7
5
0
0
0

6
S

e
n
si

tiv
e
 la

n
d
 

u
se

L
o
n
g
 g

ra
ss

, 
fe

w
 

tr
e
e
s

F
la

t 
1

2
6

1
1

5
7
6

3
1
5

Y
e
s

2
8
3

Y
e
s

3
8
0

Y
e
s

3
5
0
0
0
0

1
S

e
n
si

tiv
e
 la

n
d
 

u
se

L
e
ve

l w
o
o
d
e
d
 

co
u
n
tr

y
F

la
t 

1
2
6

0
.8

5
1

7
4
3

1
7
3
2

N
o

1
6
4
0

N
o

1
2
0
0

N
o

3
5
0
0
0
0

2
S

e
n
si

tiv
e
 la

n
d
 

u
se

L
e
ve

l w
o
o
d
e
d
 

co
u
n
tr

y
S

lo
p
in

g
 t
e
rr

a
in

 (
1
-2

%
) 

d
o
w

n
sl

o
p
e

1
2
6

0
.8

5
1
.5

1
1
1
4

1
6
7
0

N
o

7
2
5

Y
e
s

1
0
1
0

Y
e
s

3
5
0
0
0
0

3
S

e
n
si

tiv
e
 la

n
d
 

u
se

L
o
n
g
 g

ra
ss

, 
fe

w
 

tr
e
e
s

S
lo

p
in

g
 t
e
rr

a
in

 (
1
-2

%
) 

d
o
w

n
sl

o
p
e

1
2
6

1
1
.5

1
3
1
1

1
0
2
5

Y
e
s

7
8
7

Y
e
s

7
9
0

Y
e
s

3
5
0
0
0
0

4
S

e
n
si

tiv
e
 la

n
d
 

u
se

L
o
n
g
 g

ra
ss

, 
fe

w
 

tr
e
e
s

S
lo

p
in

g
 t
e
rr

a
in

 (
1
-2

%
) 

d
o
w

n
sl

o
p
e

1
2
6

1
1
.5

1
3
1
1

1
1
3
5

Y
e
s

6
9
2

Y
e
s

1
0
7
0

Y
e
s

3
5
0
0
0
0

5
S

e
n
si

tiv
e
 la

n
d
 

u
se

L
o
n
g
 g

ra
ss

, 
fe

w
 

tr
e
e
s

F
la

t 
1

2
6

1
1

8
7
4

5
6
7

Y
e
s

5
3
5

Y
e
s

5
3
5

Y
e
s

3
5
0
0
0
0

6
S

e
n
si

tiv
e
 la

n
d
 

u
se

L
o
n
g
 g

ra
ss

, 
fe

w
 

tr
e
e
s

F
la

t 
1

2
6

1
1

8
7
4

5
0
3

Y
e
s

4
7
2

Y
e
s

5
2
0

Y
e
s

A
m

b
ie

n
t 

T
em

p
er

at
u

re
P

ro
d

u
ct

io
n

 T
em

p
er

at
u

re
V

o
lu

m
e 

S
o

u
rc

e

H
yp

o
th

e
tic

a
l B

ro
ile

r 
F

a
rm

 S
e
p
a
ra

tio
n
 D

is
ta

n
ce

s 
 D

o
m

a
in

 A
, 

P
o
si

tio
n
 2

B
ir

d
 

N
u

m
b

er
s

R
ec

ep
to

r 
N

u
m

b
er

R
ec

ep
to

r 
T

yp
e

S
2

S
u

rf
ac

e 
R

o
u

g
h

n
es

s
S

3

T
o

p
o

g
ra

p
h

y/
T

er
ra

in
S

4
S

1
S

2
S

3
S

4
D

is
ta

n
ce

 R
eq

u
ir

ed
 

(d
et

er
m

in
ed

 b
y 

S
 

F
ac

to
r)

D
is

ta
n

ce
 t

o
 

2.
5 

O
U

 
B

o
u

n
d

ar
y

Is
 S

 F
ac

to
r 

fu
rt

h
er

 
th

an
 t

h
e 

2.
5 

O
U

 
B

o
u

n
d

ar
y

D
is

ta
n

ce
 t

o
 

2.
5 

O
U

 
B

o
u

n
d

ar
y

Is
 S

 F
ac

to
r 

fu
rt

h
er

 
th

an
 t

h
e 

2.
5 

O
U

 
B

o
u

n
d

ar
y

D
is

ta
n

ce
 t

o
 

2.
5 

O
U

 
B

o
u

n
d

ar
y

Is
 S

 F
ac

to
r 

fu
 

th
an

 t
h

e 
2.

5 
 

B
o

u
n

d
ar

y

1
7
5
0
0
0

1
S

e
n
si

tiv
e
 la

n
d
 

u
se

L
o
n
g
 g

ra
ss

, 
fe

w
 

tr
e
e
s

S
lo

p
in

g
 t
e
rr

a
in

 (
1
-2

%
) 

d
o
w

n
sl

o
p
e

1
2
6

1
1
.5

8
6
5

4
5
0

Y
e
s

3
9
5

Y
e
s

3
8
0

Y
e
s

1
7
5
0
0
0

2
S

e
n
si

tiv
e
 la

n
d
 

u
se

H
e
a
vy

 t
im

b
e
r

S
lo

p
in

g
 t
e
rr

a
in

 (
1
-2

%
) 

d
o
w

n
sl

o
p
e

1
2
6

0
.7

7
1
.5

6
6
6

4
1
5

Y
e
s

4
1
5

Y
e
s

3
6
0

Y
e
s

1
7
5
0
0
0

3
S

e
n
si

tiv
e
 la

n
d
 

u
se

L
e
ve

l w
o
o
d
e
d
 

co
u
n
tr

y
F

la
t 

1
2
6

0
.8

5
1

4
9
0

4
8
5

Y
e
s

4
5
0

Y
e
s

3
9
5

Y
e
s

1
7
5
0
0
0

4
S

e
n
si

tiv
e
 la

n
d
 

u
se

L
e
ve

l w
o
o
d
e
d
 

co
u
n
tr

y
S

lo
p
in

g
 t
e
rr

a
in

 (
1
-2

%
) 

u
p
sl

o
p
e

1
2
6

0
.8

5
1

4
9
0

4
1
5

Y
e
s

3
7
5

Y
e
s

7
9
0

N
o

1
7
5
0
0
0

5
S

e
n
si

tiv
e
 la

n
d
 

u
se

L
o
n
g
 g

ra
ss

, 
fe

w
 

tr
e
e
s

S
lo

p
in

g
 t
e
rr

a
in

 (
1
-2

%
) 

u
p
sl

o
p
e

1
2
6

1
1

5
7
6

3
7
7

Y
e
s

4
7
0

Y
e
s

4
5
0

Y
e
s

1
7
5
0
0
0

6
S

e
n
si

tiv
e
 la

n
d
 

u
se

L
o
n
g
 g

ra
ss

, 
fe

w
 

tr
e
e
s

F
la

t 
1

2
6

1
1

5
7
6

1
2
0
5

N
o

5
2
0

Y
e
s

8
8
0

N
o

3
5
0
0
0
0

1
S

e
n
si

tiv
e
 la

n
d
 

u
se

L
o
n
g
 g

ra
ss

, 
fe

w
 

tr
e
e
s

S
lo

p
in

g
 t
e
rr

a
in

 (
1
-2

%
) 

d
o
w

n
sl

o
p
e

1
2
6

1
1
.5

1
3
1
1

7
2
0

Y
e
s

6
3
0

Y
e
s

5
4
0

Y
e
s

3
5
0
0
0
0

2
S

e
n
si

tiv
e
 la

n
d
 

u
se

H
e
a
vy

 t
im

b
e
r

S
lo

p
in

g
 t
e
rr

a
in

 (
1
-2

%
) 

d
o
w

n
sl

o
p
e

1
2
6

0
.7

7
1
.5

1
0
0
9

6
3
0

Y
e
s

6
1
0

Y
e
s

5
2
0

Y
e
s

3
5
0
0
0
0

3
S

e
n
si

tiv
e
 la

n
d
 

u
se

L
e
ve

l w
o
o
d
e
d
 

co
u
n
tr

y
F

la
t 

1
2
6

0
.8

5
1

7
4
3

7
2
0

Y
e
s

6
3
0

Y
e
s

6
3
0

Y
e
s

3
5
0
0
0
0

4
S

e
n
si

tiv
e
 la

n
d
 

u
se

L
e
ve

l w
o
o
d
e
d
 

co
u
n
tr

y
S

lo
p
in

g
 t
e
rr

a
in

 (
1
-2

%
) 

u
p
sl

o
p
e

1
2
6

0
.8

5
1

7
4
3

5
5
5

Y
e
s

4
7
0

Y
e
s

9
3
5

N
o

3
5
0
0
0
0

5
S

e
n
si

tiv
e
 la

n
d
 

u
se

L
o
n
g
 g

ra
ss

, 
fe

w
 

tr
e
e
s

S
lo

p
in

g
 t
e
rr

a
in

 (
1
-2

%
) 

u
p
sl

o
p
e

1
2
6

1
1

8
7
4

5
5
5

Y
e
s

5
6
0

Y
e
s

5
4
0

Y
e
s

3
5
0
0
0
0

6
S

e
n
si

tiv
e
 la

n
d
 

u
se

L
o
n
g
 g

ra
ss

, 
fe

w
 

tr
e
e
s

F
la

t 
1

2
6

1
1

8
7
4

1
4
9
0

N
o

1
2
0
5

N
o

1
2
9
5

N
o

A
m

b
ie

n
t 

T
em

p
er

at
u

re
P

ro
d

u
ct

io
n

 T
em

p
er

at
u

re
V

o
lu

m
e 

S
o

u
rc

e



 

 9-3 

Hypothetical farms – Domain A Position 1 – graphical outputs of Calpuff predictions 

  
Appendix 9 Figure 1: 4 sheds ambient emission 

temperature 
Appendix 9 Figure 2: 8 sheds ambient emission 

temperature 

  
Appendix 9 Figure 3: 4 sheds production emission 

temperature 
Appendix 9 Figure 4: 8 sheds production emission 

temperature 

  
Appendix 9 Figure 5: 4 sheds volume source 

configuration 
Appendix 9 Figure 6: 8 sheds volume source 

configuration 
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Hypothetical farms – Domain A Position 2 – graphical outputs of Calpuff predictions 

  
Appendix 9 Figure 7: 4 sheds ambient emission 

temperature 
Appendix 9 Figure 8: 8 sheds ambient emission 

temperature 

  
Appendix 9 Figure 9: 4 sheds production emission 

temperature 
Appendix 9 Figure 10: 8 sheds production emission 

temperature 

  
Appendix 9 Figure 11: 4 sheds volume source 

configuration 
Appendix 9 Figure 12: 8 sheds volume source 

configuration 
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Hypothetical Farms Domain B – Separation distances calculated using separation 
distance formula and comparison with Calpuff modelling outputs 
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Hypothetical farms – Domain B Position 1 – graphical outputs of Calpuff predictions 

  
Appendix 9 Figure 13: 4 sheds ambient emission 

temperature 
Appendix 9 Figure 14: 8 sheds ambient emission 

temperature 

  
Appendix 9 Figure 15: 4 sheds production emission 

temperature 
Appendix 9 Figure 16: 8 sheds production emission 

temperature 

  
Appendix 9 Figure 17: 4 sheds volume source 

configuration 
Appendix 9 Figure 18: 8 sheds volume source 

configuration 
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Hypothetical farms – Domain B Position 2 – graphical outputs of Calpuff predictions 

  
Appendix 9 Figure 19: 4 sheds ambient emission 

temperature 
Appendix 9 Figure 20: 8 sheds ambient emission 

temperature 

  
Appendix 9 Figure 21: 4 sheds production emission 

temperature 
Appendix 9 Figure 22: 8 sheds production emission 

temperature 

  
Appendix 9 Figure 23: 4 sheds volume source 

configuration 
Appendix 9 Figure 24: 8 sheds volume source 

configuration 
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Hypothetical Farms Domain C – Separation distances calculated using separation 
distance formula and comparison with Calpuff modelling outputs 
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Hypothetical farms – Domain C – graphical outputs of Calpuff predictions 

  

Appendix 9 Figure 25: 4 sheds ambient emission 
temperature 

Appendix 9 Figure 26: 8 sheds ambient emission 
temperature 

  

Appendix 9 Figure 27: 4 sheds production emission 
temperature 

Appendix 9 Figure 28: 8 sheds production emission 
temperature 

  

Appendix 9 Figure 29: 4 sheds volume source 
configuration 

Appendix 9 Figure 30: 8 sheds volume source 
configuration 

 



 

 9-10 

Hypothetical Farms Domain D – Separation distances calculated using separation 
distance formula and comparison with Calpuff modelling outputs 
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Hypothetical farms – Domain D – graphical outputs of Calpuff predictions 

  

Appendix 9 Figure 31: 4 sheds ambient emission 
temperature 

Appendix 9 Figure 32: 8 sheds ambient emission 
temperature 

  

Appendix 9 Figure 33: 4 sheds production emission 
temperature 

Appendix 9 Figure 34: 8 sheds production emission 
temperature 

  

Appendix 9 Figure 35: 4 sheds volume source 
configuration 

Appendix 9 Figure 36: 8 sheds volume source 
configuration 
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