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Aerial View of Proposed Stadium 

 

 

Carisbrook Stadium is a well known landmark within the city of Dunedin and the international rugby world. The ground’s nickname “House of Pain” is a 

mark of respect to the hard fought battles that have been fought on the hallowed turf. Carisbrook Stadium provides a physical backdrop to an intense 

physical experience and celebration of what the community holds as very special.  

 

 

 

    

Plaza View 
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1.0    INTRODUCTION 

The design team (Arrow International, HOK Sport Architecture, Jasmax, Davis Langdon, Horwath HTL, SKM and BECA) was 
requested to investigate a number of roof studies for the development to build on the vision for a fully enclosed stadium 
established by the CST (Carisbrook Stadium Trust) for a masterplan and feasibility report issued in February 2007. Following the 
issue of the feasibility report the DCC approved the following stadia types to be further investigated moving into the next stage: 

 Option 1A: A fully enclosed stadium with a roof over the spectator accommodation and field of play. This would be unique, 
not only in New Zealand but also in the world of stadium design, clearly placing Dunedin on the map in terms of a 
unique landmark venue. 

 Option 1B:  A traditional roofed stadium with the roof restricted to provide coverage to 100% of the seats and standing 
accommodation. 

The development of modern cladding and roofing materials have allowed a realistic opportunity to investigate the fully enclosed 
stadia outlined in option 1A. To date the fully enclosed stadia have been designed with artificial turf, or incorporating moving 
roofs or relocatable grass field trays. ETFE  (Ethylene Tetrafluoro Ethylene), an inflated plastic pillow was the preferred material 
as it allows the majority of UV through for optimum turf growth, is clear or translucent, self supporting and light. 

   

ETFE over Stadium      Interior Perspective  

 

Proposed ESD schematic 

The seating bowl and field of play is proposed to be naturally ventilated, using a combination of design and installation features 
to be developed as the design progresses. Some of the features envisaged at this stage include: 

1. louvres at high level; 

2. louvres at pitch level; 

3. open grill fencing at ground level; 
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4. maximisation of free open area to allow for the necessary air circulation through the concourses and vomitories 
onto the pitch; 

5. ventilation through the seating tiers between the bleachers; 

 Ventilation through the seating tier sketch 

6. vertical wind turbines are being considered to aid with ventilation through the corporate areas in the south stand 
(such as those installed at the CH2 building in Melbourne), details of which are appended to this report.  

 Wind turbines at the CH2 building in Melbourne 

7. operable flaps in roof to allow for stack effect, being based on the premise that hot air rises, dragging cooler air 
through the building and the playing area. Details behind this principle are appended to this report; 

8. the profile of the roof membrane, which could produce a similar effect to the Bernoulli principle/Coanda effect, as 
the air passes over the roof line producing a low air pressure above the roof line, and therefore drawing high 
pressure air from within the stadium through operable roof elements. Potentially this could lead to further passive 
circulation of air over the playing field and viewing tiers. Details appended to this report.  

These design elements will need further investigation, beyond June 2007 once the CST confirm the decision to proceed, via 
CFD (computational fluid dynamics) and wind tunnel analysis. Details of CFD analyses are appended to this report. These 
studies will also require the input of independent specialists to provide a verifiable set of results 
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PRELIMINARY SHADE STUDIES 

Preliminary shade studies were undertaken for the masterplan and feasibility report to investigate the extent of shading and 
solar penetration on the field. The massing of the building was designed to facilitate the maximum solar orientation to the North, 
East and West with the main stand located to the South. The preliminary shadow diagrams have indicated shading will exist 
during the winter months. However, compared with other stadia, the shading can be considered much less due to the nature of 
the design in the fact that the northern roof is lower than the southern roof, and the fact that the roof material is transparent.  

 

    

June at 9am    June at Noon    June at 3pm  

 

    

March at 9am    March at Noon    March at 3pm 

Shadow diagrams indicating the extent of shadow on the field of play, but do not indicate the intensity of the light. 

TURF 

A desktop study of turf growth within stadia and the potential of growth under an ETFE roof was undertaken for the masterplan 
and feasibility report, with the following conclusions: 

“To date no natural grass playing surface has been grown under a fully covered stadium. Recent retractable roofed stadia have 
had significant issues in relation to growing and maintaining a natural grass playing surface. These concerns have led to the 
development of a number of retractable pitch solutions as well as retractable roofs. A palletised turf system is used at Reliant 
Stadium, Houston and Millennium Stadium in Cardiff and a roll system is used at Telstra Dome, Melbourne to facilitate the 
removal of the field of play to a more conducive growing environment. More recently technology has been developed to allow 
the whole field of play to be moved under the stands to grow outside covered stadia such as University of Pheonix Stadium in 
the USA and Veltins Arena in Germany. 

Recent material advances have seen the large scale commercial availability of materials such as ETFE. This material has 
successfully been used for over 25 years in the construction of agricultural green houses in northern Europe and has recently 
been used in a number of high profile buildings and stadia such as the immensely successful Eden Project in Cornwall, UK and 
the Allianz Arena in Germany. The Eden Project saw the use of ETFE in a series of bio domes that were developed to house 
varying examples of the earth’s biosphere with there accompanying plant species. Our research to date, backed up by Vector 
Foiltec, the leading manufacturer and supplier of ETFE has indicated that the use of the material at Eden Project has been 
successful and that the enclosed plant species are healthy and sustainable”. 
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The preliminary research into the material indicates that transparent ETFE is the preferred material for the proposed fixed roof, 
as it allows the majority of UV spectrum through to allow the potential for optimum turf growth. However it should be noted that 
there is no other similar roof in existence over a professional quality sports field. It is recommended that the growth of turf and 
pounding that the playing surface will take should be tested by way of a mock up. This will assess in detail whether turf will grow 
to an acceptable sports field standard to enable rugby to be played on the surface. One manufacturer has proposed that they 
would be willing to manufacture a section of ETFE for such an analysis. The methodology for this test rig is set out in the 
following pages of this report. 

It should be noted that the roof falls from South to North as the Northern stand is lower than the Southern stand to allow for 
greater light ingress for the playing surface. The new enclosed stadium design along with the data on ETFE was analysed by the 
NZSTI (New Zealand Sports Turf Institute) and their preliminary findings are set out in their letter which can be found appended 
to this report. In summary they appeared satisfied that, based on the information provided to them, it will be feasible to establish 
and maintain a temperate / cool season grass sward of suitable standard within the stadium. It must, however, be understood 
that these were preliminary comments and that further assessment by an organisation such as NZSTI would be required.  

 

2.0   CURRENT POSITION 

The general design of the stadium and university buildings has not progressed since the masterplan and feasibility study was 
completed in February 2007. However discussions have taken place between Arrow International and the consultants with 
regards to a further desktop analysis of the ETFE roof material which has been carried out with Vector Foiltec and NZSTI. The 
key plant environmental factors which influence turf growth that need to be considered, as advised by NZSTI are: 

Natural Light 
Temperature (air, soil, diurnal fluctuation, seasonal fluctuation) 
Root zone water levels (as determined by irrigation, drainage, precipitation and their influence on plant water availability 
and rootzone aeration) 
Ventilation / wind (influence gaseous exchange for photosynthesis and respiration) 
Humidity  
Nutrition (fertilization plus salinity) 

 

Following discussion and desktop research with NZSTI quantifying the issues that impact on the successful provision of a 
quality turf surface for the New Dunedin Multipurpose Stadium, the issues raised are  summarised below: 

• The climatic aspects of Dunedin (light, temperature) are presently marginal during winter – early spring for growth and 
hence recovery of the turf.  

• Based on our review of the literature, a summary of the growing conditions for cool season grasses is provided 
below: 
Light:  min 4-5 hours sunlight at 50% maximum intensity. 
Temperature: Shoot growth: optimal 15-24C, minimal < 8C; root growth: optimal 10 -18C, minimal below 7C. 
Humidity: no optimum, suggested range would be less than 70% at 25C. 
Air movement: important to avoid still air for prolonged periods to limit disease and aid in drying of the surface. 
Research would suggest 6 -8 km/hr for cooling purposes. 

• The proposed use of a 2 layer ETFE system is anticipated (as cited in technical literature) to reduce light transmission 
by 15-34%. The effects of reduced light transmission on turf growth and wear recovery will be tested during the trial 
process. 

• This study has confirmed that this material has not been previously used in fully enclosed stadia over sport turf. 
Trialling is required to clarify or confirm the following issues: 
Light transmission under ETFE and its effects on turf growth and wear recovery. 
Potential effects of dew/condensation and dust accumulation on light transmission. 

• This report has focussed on the potential light issues. The other key issues (temperature, humidity and air movement) 
will be dealt with in detail by the designers and amended as required dependent on the results testing during the 
design process to provide conditions suitable for turf growth. 

• Open roofed modern stadia around the world do have problems with maintaining a high quality playing surface. 
These stadia are using a range of strategies to deal with this.  In order for the new Dunedin stadium to support a 
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reasonable level of play and subject to the results of the proposed trial, it may be necessary for the stadium to look at 
strategies used elsewhere and use one or a combination of the following: 

• Turf replacement or relocation. 
• The use of supplementary light units. 
• Fine tuning of the management practises. 

 
(For example if the pitch is palletised (such as at Suncorp) then these could also be rotated during the year so that the turf 
in areas where shade is potentially an issue is relocated into a sunny area for a time and vice versa) 

 
It is important to note that the above list cannot solely be attributed to enclosing the stadium under an ETFE type 
material. The possible extra over allowances listed above are common practice for stadia across the globe, fully enclosed, 
covered stand or uncovered. At Suncorp for example only a small percentage of turf is replaced each year, whereas the 
entire playing surface at Amsterdam Arena (operable roof and same height all around the pitch) has to be replaced up to 
three times a year. Lighting rigs are being used at both Wembley Stadium and Emirates stadium to ensure a healthy 
grass sward. These are both open stadia, with roofs only over the seating tiers. As noted previously, the designed 
stadium at Awatea Street appears to compare favourably to other stadia. 
 

   
 
 Amsterdam Arena, Amsterdam, Holland    Amsterdam Arena, Amsterdam, Holland  
 
 

   
 
 Wembley Stadium, London – Lighting Rig    Wembley Stadium, London – Lighting Rig 

 
At this stage of the design it is considered by the design team that a physical test for the other variables listed within the NZSTI 
Key plant environment factors influencing growth (being ventilation, humidity and temperature within the seating bowl) cannot 
be verified by a test rig, as the design is not in a complete enough state for that analysis to be carried, and the test rig is unlikely 
to fully re-create the stadium environment due to its limited size and height. Therefore it is suggested that for the internal 
environmental issues to be verifiably assessed, CFD (Computational Fluid Dynamic) and wind tunnel tests should be carried out 
by an appropriate professional body on a computer generated model or physical model at a scale (say 1:500) during the next 
stage of the design process. CFD analysis will provide much more accurate information than a test rig and will also enable the 
design to be developed in conjunction with the findings. 
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It has been agreed by the consultant team that the most pressing concern is whether light transmission would be adversely 
affected by the ETFE roof enclosure.  Therefore a test rig should be constructed specifically to assess this issue. 

However it should be noted that, as discussed earlier, whenever one encloses a field of play with stands, which have roofs over 
them there is going to be an impact on the pitch surface, especially if the surface is turf (rather than a synthetic material). The 
reason for setting up a test rig is to clarify whether the effects of placing a material (ETFE in this case) between the source of the 
light and the pitch surface has a more significant impact than that which is placed in a normally roofed stadium. The sketch 
below shows four scenarios of sports viewing from an open pitch to a fully enclosed pitch. Scenarios 1 and 2 will give minimum 
shading issues onto the field of play, however they will also not provide the expected level of facility in a modern stadia. 
Scenario 3 provides roofed cover over all the stands (which has become an expected level of facility for modern stadia around 
the world) and scenario 4 provides cover to the stands and the pitch. It is the opinion of the consultants that to properly assess 
the effects of covering the pitch with ETFE then it is necessary to compare scenario 3 and 4, rather than 1 and 4.  

 

 

 

 

3.0   LIGHT TRANSMISSION TESTING RIG METHODOLOGY 

Set out below is a methodology for a proposed test rig to assess the growth level and wearability of turf beneath ETFE as 
agreed with NZSTI, Vector Foiltec and the ground staff from ORFU who, it is understood at this time, will provide the 
maintenance. NZSTI consider that the most important element to be considered in fully enclosing the field of play is light 
transmission. 

Therefore the testing methodology from NZSTI set out below concentrates on the light levels through the ETFE and the resultant 
growth of the turf beneath the ETFE cover and its robustness under use. 
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“Objective 
The aim of the trial is to compare the effects of the ETFE roofing material proposed for the new Dunedin multipurpose 
stadium on autumn, winter, spring and summer growth of mature ryegrass sward with that of uncovered turf.  The trial 
will also evaluate the ability of the ETFE obstructed turf to recovery from winter wear damage compared to that of 
unobstructed turf.  

 
Materials and methods 
The trial will consist of two areas of mature ryegrass each of 9m x 3m, one under ETFE roof and side panels (obstructed), 
supported by a suitable framework, the other unobstructed.  The duration of the trial will depend on when the trial is 
established, but should include an assessment of turf growth in each season (autumn, winter, spring and summer) and 
adequate winter wear treatments to be applied. 

 
An ETFE roof and partial sides as proposed by HOK Sport Architecture on 22 May 2007 (below) is to be constructed.  
The ETFE roof and side panels will consist of 2 layers of ETFE with the roof angled to approximately match that proposed 
for the stadium.  The ETFE test rig will be orientated such that the lower, short side faces north approximately matching 
the north-south orientation of the proposed stadium. 

 
The trial will be a randomised block design with each area (obstructed and unobstructed) divided into 9, plots up to 3m x 
1m in size and arranged into three blocks (replicates) (18 plots and 6 blocks overall).  The ETFE obstructed trial area will 
be positioned under the test rig such that direct sunlight reaching the turf is always (as much as is practical) transmitted 
through the ETFE material.  

 
The trial will include three wear treatments, no wear (W0) control, progressive wear (WP) and heavy wear (WH). The three 
wear treatments will be allocated at random to plots within each block.  

 
Wear Treatments 
Wear treatments for a trial established during June.  WP treatment will consist of weekly wear of up to 8 passes of a 
studded wear machine, applied over the winter months (June, July, and August) with possible further wear applied the 
next Autumn (April and May).  This treatment will investigate the effects of regular wear on turf quality and the level of 
recovery achievable between treatment applications.  WH treatment will involve intensive wear such that approximately 
50% of the ground cover is lost and will be applied at the beginning of winter (June).  Assessment will be made of the 
time it takes for the turf to recover back to pre-wear condition.  

 
Assessments 
Assessments will be made of all plots for the following agronomic factors: 

percentage ground cover  
uniformity of growth  
relative growth rate  
leaf fineness 
disease  
colour 

 
At least monthly assessments will be made of the above agronomic factors over the course of the trial.  During the 
application of the wear treatments, the trial will be scored immediately prior to application of wear.  The WP treatment will 
be scored fortnightly during the application of wear until one month after wear has stopped, then monthly till full recovery 
occurs (or until the trial finishes).  The WH treatment will be scored fortnightly over the winter months and then monthly till 
full recovery occurs (or until the trial finishes).   

 
Scores will be on a 1-9 scale with 9 being the most desirable.   

 
Other measurements will include air and soil temperatures, relative humidity, light intensity and photosynthetic active 
radiation (PAR) at various locations within both for the ETFE obstructed and unobstructed trial areas.  

 
Results will be analysed for statistical differences between treatment means (worn vs unworn, obstructed vs 
unobstructed) using Multiple Sample Comparison function of Statgraphics Centurion XV version 15.0.10 at 0.05 level of 
the probability.  Where significant differences exist between treatments the means, results will be grouped using 
Duncan’s Multiple Range Test. Significantly different treatment means will also be reported with the L.s.d. and the co-
efficient of variation.” 
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.  

 Proposed Test Rig Schematic 
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4.0   CONCLUSION 

The above methodology is proposed to be set up to establish the light transmission through an ETFE pillow roof and whether a 
sustainable temperate/cool grass sward, which has sufficient wear recoverability can be established. This test rig is not being 
proposed to test the other variables (listed earlier), which should be tested under separate methodologies and utilising 
alternative methods and specialists.  

It should also be noted that if we were to allow for a roof over the stands, which has become the benchmark standard for 
facilities around the world to achieve the expected quality of facility within a modern stadium, then during the worst case (winter) 
months where the maximum sun angle is 21 degrees at midday then the issues would be similar to that of a fully enclosed 
stadium (refer to the sketches below). Only a fully open stadium would afford direct light to the pitch during the worst case 
months.  
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It is also worth noting that: 

• Modern open stadia, where only the seating tiers are covered have many of the same issues and solutions set out in this 
document, being shade, ventilation, etc. These are dealt with through turf management, including but not exclusive to turf 
replacement, turf rotation and artificial lighting rigs.  

• Modern Stadia include for inbuilt enhancements in their turf design, such as reinforcement and under turf heating 
(Murrayfield, Scotland). These should be investigated. 

• The ETFE roof envelope allows for light transmission (albeit reduced by approximately 45% during the worst case months 
being mid winter), whereas many modern stadia have solid roofs, which do not allow any beneficial UV through to the pitch 
level.  

• Even where there is significant turf relocation or replacement required due to the mass of the structure around the required 
facilities of new stadia 

Therefore in conclusion it is clear that there are many aspects that need to be assessed in confirming that a healthy and robust 
grass sward is achievable within a fully enclosed stadium, not least light transmission. However it is also important to understand 
that many of the issues, incumbent in the design of the new stadium, are commonplace in modern stadia design, since the time that 
stands have had roofs. Shade on pitches and ventilation issues are not limited to fully enclosed stadia, but are also seen in open 
stadia around the world, as has been documented within this report. In modern stadia the expectation for premium quality viewing 
(covered) and corporate facilities have led to a time where pitch maintenance is required to deal with almost constant shade on large 
areas of the fields of play. The maintenance issues that face the new stadium at Carisbrook are perceived to be comparable to 
those faced by functioning and successful stadia around the world.  

Desktop studies are continuing into the available materials and technologies to fully assess and provide confidence that ETFE 
remains the most feasible solution to fully enclosing the stadium, and providing sufficient light transmission to maintain a robust 
temperate/cool season grass sward. The stadium design we believe is at an early enough stage to be robust enough to be 
developed in conjunction with the test rig results and the results from future CFD and wind tunnel testing. This type of stadium has 
never been built before and therefore there is still a significant amount of research required to be undertaken to increase confidence 
in its feasibility, as noted in this and NZSTI’s report. 
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5.0   APPENDIX 
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2/2/07 

 

 

Alex York 

HOK Sport Architecture 

P.O. Box 5290 

Brisbane  

QLND 4001 

Australia 

 

 

Dear Alex 

 

New Carisbrook Stadium, Dunedin 

 

We have studied the information supplied in your e-mail (22/1/07) as well as the 
additional light study information supplied in your e-mail dated 25/1/07 and 
provide comments below. 
 
Light levels 
 
The sun path studies show that the stadium roof and in particular the wall design 
mean that the pitch will not be subject to the same amount of shading as most 
enclosed stadiums. For example, at 12.00 noon on June 15th, with the exception 
of some small areas, the entire pitch will be receiving direct sunlight. In most 
enclosed stadiums, on the shortest day of the year, large areas of the pitch will 
receive no direct sunlight at any stage of the day.  
 
The information supplied by Vector Foiltec concerning the EFTE material states 
that with the two layer system, 64 to 84% of the light in the photosynthetic 
wavelength range is transmitted. Clearly it would be preferable that all of the 
available photosynthetic wavelength light reached the pitch during the winter 
months when total light levels are low. However, that fact that all of the pitch will 
receive significant amounts of direct light during the winter months will offset the 
moderate shade effect of the EFTE material to a significant effect.    
 
On the basis of the information available, we consider that it will be feasible to 
establish and maintain a temperate grass sward of suitable standard within the 
stadium. However, it is probable that light levels will be sub-optimal for growth at 
times during the winter – temperature will also be a factor here. Correct turf grass 
selection will be essential – species other than the traditional rye grass are likely 
to be better suited to the environment. Other turf management techniques such 
as turf re-placement or light supplementation may also be required. Determination 
of the exact requirement for and cost of such techniques is beyond the scope of 
this initial feasibility study and will need to be determined through further more 
detailed study in the next phase of the project. 
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Ventilation      
 
The information concerning the ventilation of the stadium does not at this stage 
include details of the year round environmental conditions that will occur in the 
stadium. 
 
Temperature will be a key environmental factor. We anticipate that the winter 
temperatures within the stadium will be elevated above the outside air 
temperature and this will be beneficial to plant growth.   
 
The optimal (air) temperature range for the growth of temperate grasses is 16-24 
degrees C. Growth rates start to drop off either side of this optimum range. As 
temperatures fall below 16 degrees, growth will decline with no significant growth 
in temperate grasses occurring below about 10 degrees.  
 
Hence, we anticipate that the minimum temperatures that occur in the stadium will 
not cause any significant turf management problems. Rather it is high 
temperatures that are of the greatest concern. Temperatures that are consistently 
above 30 degrees C will make management of a temperate grass sward very 
challenging. Hence ideally, the maximum temperature in the stadium should only 
rarely reach 30 degrees. Ideally, the “normal” maximum temperature in the 
stadium in the summer will be no more than 26 to 27 degrees C. 
 
We anticipate that the air movement created by the proposed ventilation will be 
sufficient to allow a temperate grass sward to be maintained in the stadium 
provided that exceeding the maximum temperatures mentioned above can be 
avoided. We assume that including vents at the upper levels of the stadium would 
assist greatly with that. More precise analysis of the implications for turf growth in 
the stadium will be able to be provided following further study in the next phase of 
the project as more information concerning the environmental conditions that will 
occur, becomes available. 
 
   

 

Yours sincerely 

 
 

 

 

Alex Glasgow 

General Manager – Agronomy 
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Methodology for Carisbrook 
Prepared by – Andrew Mitchell 

 
Objective 
The aim of the trial is to compare the effects of the ETFE roofing material proposed for the 
new Dunedin multipurpose stadium on autumn, winter, spring and summer growth of mature 
ryegrass sward with that of uncovered turf.  The trial will also evaluate the ability of the ETFE 
obstructed turf to recovery from winter wear damage compared to that of unobstructed turf.  
 
Materials and methods 
The trial will consist of two areas of mature ryegrass each of 9m x 3m, one under ETFE roof 
and side panels (obstructed), supported by a suitable framework, the other unobstructed.  
The duration of the trial will depend on when the trial is established, but should include an 
assessment of turf growth in each season (autumn, winter, spring and summer) and 
adequate winter wear treatments to be applied. 
 
An ETFE roof and partial sides as proposed by HOK Sport Architecture on 22 May 2007 
(version four) is to be constructed.  The ETFE roof and side panels will consist of 2 layers of 
ETFE with the roof angled to approximately match that proposed for the stadium.  The ETFE 
test rig will be orientated such that the lower, short side faces north approximately matching 
the north-south orientation of the proposed stadium. 
 
The trial will be a randomised block design with each area (obstructed and unobstructed) 
divided into 9, plots up to 3m x 1m in size and arranged into three blocks (replicates) (18 
plots and 6 blocks overall).  The ETFE obstructed trial area will be positioned under the test 
rig such that direct sunlight reaching the turf is always (as much as is practical) transmitted 
through the ETFE material.  
 
The trial will include three wear treatments, no wear (W0) control, progressive wear (WP) and 
heavy wear (WH). The three wear treatments will be allocated at random to plots within each 
block.  
 
Wear Treatments 
Wear treatments for a trial established during June.  WP treatment will consist of weekly wear 
of up to 8 passes of a studded wear machine, applied over the winter months (June, July, 
and August) with possible further wear applied the next Autumn (April and May).  This 
treatment will investigate the effects of regular wear on turf quality and the level of recovery 
achievable between treatment applications.  WH treatment will involve intensive wear such 
that approximately 50% of the ground cover is lost and will be applied at the beginning of 
winter (June).  Assessment will be made of the time it takes for the turf to recover back to 
pre-wear condition.  
 



 

 
Methodology for Carisbrook 
Prepared by – Andrew Mitchell 

Assessments 
Assessments will be made of all plots for the following agronomic factors: 

• percentage ground cover  
• uniformity of growth  
• relative growth rate  
• leaf fineness 
• disease  
• colour 

 
At least monthly assessments will be made of the above agronomic factors over the course 
of the trial.  During the application of the wear treatments, the trial will be scored immediately 
prior to application of wear.  The WP treatment will be scored fortnightly during the application 
of wear until one month after wear has stopped, then monthly till full recovery occurs (or until 
the trial finishes).  The WH treatment will be scored fortnightly over the winter months and 
then monthly till full recovery occurs (or until the trial finishes).   
 
Scores will be on a 1-9 scale with 9 being the most desirable.   
 
Other measurements will include air and soil temperatures, relative humidity, light intensity 
and photosynthetic active radiation (PAR) at various locations within both for the ETFE 
obstructed and unobstructed trial areas.  
 
Results will be analysed for statistical differences between treatment means (worn vs 
unworn, obstructed vs unobstructed) using Multiple Sample Comparison function of 
Statgraphics Centurion XV version 15.0.10 at 0.05 level of the probability.  Where significant 
differences exist between treatments the means, results will be grouped using Duncan’s 
Multiple Range Test.  Significantly different treatment means will also be reported with the 
L.s.d. and the co-efficient of variation. 
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BERNOULLI'S PRINCIPLE 

CONCEPT 

Bernoulli's principle, sometimes known as Bernoulli's equation, holds that for fluids in an ideal 
state, pressure and density are inversely related: in other words, a slow-moving fluid exerts more 
pressure than a fast-moving fluid. Since "fluid" in this context applies equally to liquids and 
gases, the principle has as many applications with regard to airflow as to the flow of liquids. One 
of the most dramatic everyday examples of Bernoulli's principle can be found in the airplane, 
which stays aloft due to pressure differences on the surface of its wing; but the truth of the 
principle is also illustrated in something as mundane as a shower curtain that billows inward. 

HOW IT WORKS 

The Swiss mathematician and physicist Daniel Bernoulli (1700-1782) discovered the principle 
that bears his name while conducting experiments concerning an even more fundamental 
concept: the conservation of energy. This is a law of physics that holds that a system isolated 
from all outside factors maintains the same total amount of energy, though energy 
transformations from one form to another take place. 

For instance, if you were standing at the top of a building holding a baseball over the side, the 
ball would have a certain quantity of potential energy—the energy that an object possesses by 
virtue of its position. Once the ball is dropped, it immediately begins losing potential energy and 
gaining kinetic energy—the energy that an object possesses by virtue of its motion. Since the 
total energy must remain constant, potential and kinetic energy have an inverse relationship: as 
the value of one variable decreases, that of the other increases in exact proportion. 

The ball cannot keep falling forever, losing potential energy and gaining kinetic energy. In fact, it 
can never gain an amount of kinetic energy greater than the potential energy it possessed in the 
first place. At the moment before the ball hits the ground, its kinetic energy is equal to the 
potential energy it possessed at the top of the building. Correspondingly, its potential energy is 
zero—the same amount of kinetic energy it possessed before it was dropped. 

Then, as the ball hits the ground, the energy is dispersed. Most of it goes into the ground, and 
depending on the rigidity of the ball and the ground, this energy may cause the ball to bounce. 
Some of the energy may appear in the form of sound, produced as the ball hits bottom, and 
some will manifest as heat. The total energy, however, will not be lost: it will simply have 
changed form. 

Bernoulli was one of the first scientists to propose what is known as the kinetic theory of gases: 
that gas, like all matter, is composed of tiny molecules in constant motion. In the 1730s, he 
conducted experiments in the conservation of energy using liquids, observing how water flows 
through pipes of varying diameter. In a segment of pipe with a relatively large diameter, he 
observed, water flowed slowly, but as it entered a segment of smaller diameter, its speed 
increased. 

It was clear that some force had to be acting on the water to increase its speed. Earlier, Robert 
Boyle (1627-1691) had demonstrated that pressure and volume have an inverse relationship, 
and Bernoulli seems to have applied Boyle's findings to the present situation. Clearly the volume 
of water flowing through the narrower pipe at any given moment was less than that flowing 



through the wider one. This suggested, according to Boyle's law, that the pressure in the wider 
pipe must be greater. 

As fluid moves from a wider pipe to a narrower one, the volume of that fluid that moves a given 
distance in a given time period does not change. But since the width of the narrower pipe is 
smaller, the fluid must move faster in order to achieve that result. One way to illustrate this is to 
observe the behavior of a river: in a wide, unconstricted region, it flows slowly, but if its flow is 
narrowed by canyon walls (for instance), then it speeds up dramatically. 

The above is a result of the fact that water is a fluid, and having the characteristics of a fluid, it 
adjusts its shape to fit that of its container or other solid objects it encounters on its path. Since 
the volume passing through a given length of pipe during a given period of time will be the same, 
there must be a decrease in pressure.  

Hence Bernoulli's conclusion: the slower the rate of flow, the higher the 
pressure, and the faster the rate of flow, the lower the pressure. 

Bernoulli published the results of his work in Hydrodynamica (1738), but did not present his 
ideas or their implications clearly. Later, his friend the German mathematician Leonhard Euler 
(1707-1783) generalized his findings in the statement known today as Bernoulli's principle. 

 



CH2 Building in Melbourne, Australia 
 

How it works 

CH2 has been designed to reflect the planet’s ecology, which is an immensely complex system 
of interrelated components. Just as it is impossible to assess the role of any part of this ecology 
without reference to the whole, CH2 comprises many parts that work together to heat, cool, 
power and water the building, creating a harmonious environment. 

For example, in nature, dark colours absorb heat and hot air rises. Accordingly CH2‘s north 
façade will comprise 10 dark coloured air extraction ducts that absorb heat from the sun, 
helping stale air inside rise up and out of the building. 

The south façade will comprise light-coloured ducts that draw in fresh air from the roof and 
distribute it down through the building. Staff will be able to control the flow of this 100 per cent 
fresh air to their work spaces by floor vents. Louvres made from recycled timber will shade the 
west facade. Energy from photovoltaic roof panels will power the louvres, which will move 
according to the position of the sun. Together these features combine to create a controlled and 
healthy climate. 

About 100,000 litres of black (toilet) water a day will be extracted from the sewer in Little Collins 
Street. A city sewer usually holds 95 per cent water, a burden on the system and a waste of 
water. The sewage, along with any generated on site, will be put through a multi-water treatment 
plant that will filter out the water and send solids back to the sewer. The extracted water will be 
treated through a micro-filtration system to create A-grade clean water suitable for all non-
drinking uses. 

Some of the recovered water will supply CH2’s water cooling, plant watering and toilet flushing 
needs. The rest will be used in other council buildings, city fountains and plants. More water will 
be saved through recycling water from the fire-safety sprinkler system and from rainwater. 

 Cooling and heating 

Much effort has been invested in ways to cool, rather than heat, the building. This is because 
human activity and electronic equipment give off vast amounts of heat. The building and its air-
conditioning system are designed to capture and use that heat so the major need for energy is 
for cooling. 

In CH2, fresh outside air is drawn in from 17 metres or more above the street and channelled into 
shower towers on the southern side. 

As air falls within the towers it is cooled by evaporation from the water shower. The cool 
air is channelled to the shops below and the cool water supplied to a Phase Change Material 
(PCM) tank in the basement.  

This PCM tank is much like a battery that stores coolness, or ‘coolth’. Water cooled by the 
towers travels through the tank, freezing the battery. A separate water stream passes through 
the battery to be chilled, through chilled ceiling panels and beams to cool the building, and then 
back into the battery to begin again. 

Cool water running through chilled panels fixed to the ceiling – and chilled beams in front of the 
windows – create gentle radiant coolness that descend into the workspace at about 18°C. This 
replaces traditional systems that use fans to blow colder recycled air directly at occupants. 



 
 
 
Climate control: air delivery stratification and exhaust maintains a comfortable climate for 
working. 

Shower tower: shower towers that use falling droplets of water to cool air can be seen from Little 
Collins Street.  

Cooling offices: radiant 'coolth' is delivered from chilled ceiling panels and concrete cave-like 
ceilings. 

Night purge: Meanwhile, natural ventilation cools the building at night. Windows on the north and 
south façades open to allow fresh cool air to enter the offices, flush out warm air and cool the 
building. This is called night purging. Sensors close the windows when they detect high winds 
and rain or higher temperatures. 

Outside air from the night purge cools the 180mm-thick pre-cast concrete ceilings that store this 
coolness due to their high thermal mass.  

In much the same way as a cement wall retains heat long after the sun has set, this ‘coolth’ 
radiates back into the office space during the day and contributes to the cooling needs of the 
offices, thereby reducing air conditioning plant load by up to 14 per cent in summer. 

Energy 

Low energy computing 

CH2 will use LCD monitors which consume 50 per cent less energy than older, bulky CRT 
monitors.   These LCD monitors are energy efficient, anti-glare, do not flicker, do not emit 
radiation, produce less heat, generate less greenhouse gas in their operation and produce less 
pollution in their manufacture. 

Low energy lighting 

The use of T5 light fittings for ambient lighting and individual task lighting for workstations will 
consume 65% less energy than the lighting system in the Council’s current building. 

Electricity from co-generation 

A gas-fired co-generation plant on the roof will be used to generate electricity and heat, reducing 
reliance on the public electricity grid. 

The co-generation plant will have much lower CO2 emissions than coal-fired electrical 
generation and will provide 60 kVA of electricity, meeting about 30 per cent of CH2’s electricity 
needs.  

Heat from co-generation 

Heat from the co-generation plant (about 100Kw) will be used to help CH2’s air conditioning 
plant. This heat can be used directly for heating or, via an absorption chiller, for cooling. It is 
estimated the co-generation plant will satisfy 80% of the building’s fresh air heating/cooling 
requirements just by using waste heat. 



Heat Recovery  

Heat is recovered from the air that gets exhausted out of the offices. CH2’s fresh air system uses 
no re-circulated air so fresh air from outside needs to be constantly heated or cooled to be 
supplied at 18°C. Through a simple heat exchange process, the temperature of the air 
exhausted from the space is used to help heat or cool the fresh supply air. 

Solar hot water Heat Recovery  

About 60 per cent of the hot water supply will be provided by 48 square metres of solar hot 
water panels on the roof. On days with little solar heat gain, a gas boiler will heat water instead. 

Solar photovoltaic cells 

CH2 will use about 26 square metres of photovoltaic cells on the roof to generate about 3.5kW 
of electricity from the sun’s energy. This energy will power the movement of the louvres used to 
shade the west façade. 

Wind turbines 

Six wind turbines will extract air from the offices spaces through ducts on the north façade. The 
turbines, especially designed for CH2, are 3.5m high and replace electric fans that would 
normally carry out the same function. 

 

 

 

 

 

 

Shower towers 

CH2 has five shower towers that shower water down a 3.5 storey enclosure to cool air and water 
through evaporative cooling.  The cool air is used for the retail spaces; the cool water will be 
used to freeze the Phase Change Material, which is in turn used to store ‘coolth’ for the rest of 
the building.  

Phase change material  

CH2’s Phase Change Material (PCM) tank is much like a battery that stores coolness, or ‘coolth’. 
Essentially the battery comprises a series of spheres containing the PCM. Each of the PCM 
spheres is surrounded by the heat transfer liquid (water) that circulates through the ceiling panels 
on each floor. 

Water cooled by the shower tower-cooling tower-chiller will travel through a heat exchanger to 
reduce the temperature of the tank and freeze the PCM. A separate water circulation heat 
transfer loop will pass through the tank to be chilled, travel through the chilled ceiling panels and 
chilled beams to cool the building and then return back to the tank to begin again. 

 



Water 

Water consumption reduction 

To reduce water consumption, all water fittings will have AAAA (highest) ratings, all toilets will be 
dual flush and all urinals will have sensor-triggered flushing. 

Potable (drinking) water 

About 25 per cent of potable (drinking) water will come from the sprinkler system used for fire 
safety. Safety regulations require that sprinker systems are tested regularly and this involves 
discarding large quantities of clean drinking water. In CH2 this water will be collected and used.  

On-site treatment (water mining) 

About 100,000 litres of black (toilet) water a day will be extracted from the main sewer in Little 
Collins Street. A city’s sewer usually contains 95 per cent water, which is a burden on the 
system and a waste of water. The sewage, along with any generated on site, will be put through 
a Multi-Water Treatment Plant that will filter out the water and send the solids back to the sewer. 
The water recovered will supply all CH2’s water cooling, plant watering and toilet flushing needs 
while reducing the burden on Melbourne’s treatment plant.  

Non-potable (non-drinking) water 

The Multi-Water Treatment Plant and rain water collection will supply 100 per cent of non-
drinking water for water cooling, plant watering and toilet flushing needs. 

 

Elevations 

North Elevation 

Dark colours absorb heat and hot air rises. Accordingly the north façade will comprise ten dark-
coloured air extraction ducts that will absorb heat from the sun to help the stale air inside rise up 
and out of the building, with help from the wind turbines on the roof.  

As the height of the building increases, windows become smaller and extraction ducts become 
larger. This allows the lower floors to have more access to natural light, while satisfying the 
higher air extraction demands of the upper floors. 

Vertical gardens will run the full height of the building alongside the north windows to filter light 
entering office spaces. 

  

 

 
 
 



 

South Elevation 

Light colours reflect heat and cool air sinks. Accordingly the south façade will comprise 10 light-
coloured ducts that will draw in fresh air from the roof and distribute it downwards through the 
building.  

As the height of the building decreases, windows become larger and the ducts become smaller. 
The ducts are larger at the top where they are supplying the entire building and smaller at the 
bottom where they are supplying just a few floors. 

The five shower towers, three and a half stories high, cascade water onto a glass canopy above 
street level. 

  

  

 

 

 

East Elevation 

Perforated metal on the east facade allows natural ventilation in the toilets, provides balcony 
balustrades and hides building services such as the lift core. 

  

  

  

  

  
 

West Elevation 

Recycled timber louvres shade the west facade. Energy from photovoltaic panels on the roof 
powers the louvres, which move according to the position of the sun. 

 












