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Introduction 

This Appendix discusses in greater detail aspects of the selection and installation of the 

environmental measuring equipment used for this research, which is discussed briefly in 

Section 4.3 (Empirical Data).  

4.1. Platforms for Environmental Measurement  

A survey of data logging (or data acquisition) and measuring systems available in Australia 

revealed three principal approaches, which included:  

 
- Building management systems 

 
- Digital systems 

 
- Analogue Systems 

 
Each of these approaches was investigated for their suitability for this research program. The 

criterion for suitability were to include the requirements of the research, (as discussed in 

Section 4.3) and the capacity for current and proposed research staff to operate and manage 

the chosen system.  

4.1.1. Building Management Systems (BMS) 

When the researcher was engaged, this was the proposed method of measuring the future, as 

yet undefined thermal test buildings. A key benefit of this approach, was that the data storage 

could be outside the building being measured, allowing for some limited remote control of the 

system. A review of other international projects made it apparent that this may have been an 

unsuitable approach for the CSAW projects. This was due to the operational and control 

aspects of a BMS system. International research, which had adopted a BMS approach to 

monitoring building thermal performance, found several problems with this approach 

(Bowman & Lomas 1985; Torcellini et al. 2005), which included: 

 
- Computer malfunction causing loss of data and causing monitoring to be halted  

 
- Software malfunction causing loss of data and causing monitoring to be halted 
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- Power outages causing loss of data and causing monitoring to be halted  

 
- Limited data storage capacity within BMS software configurations  

 
 

As the examination of appropriate systems available in Tasmania progressed, other key 

factors which could hinder the research became apparent and included:  

   
- Any changes to monitoring programming would require specialist consultants as the 

BMS system is owned and operated by the provider 

 
- Any addition or removal of measuring equipment would require specialist consultants 

as the BMS System is owned and operated by the provider 

 
- The range of sensors was quite limited due to compatibility requirements of the 

software and hardware, which was principally developed to operate building air-

conditioning systems.  

 
Based on this assessment it was deemed that a BMS type of system would limit the flexibility 

of the research program, could result in data losses. In addition, at no time would the research 

centre own the equipment, which it could use in other research programs.  

4.1.2. Digital Environmental Measuring Systems  

In 2005, within Australia, when the platforms for supporting data acquisition and 

environmental measurement were being explored, there were limited providers of a digital 

platform for data acquisition. Initially, this method seemed to be more flexible, advanced and 

user-friendly than the above-mentioned BMS type of system. Like the BMS system, there was 

opportunity for storing the data outside the building being measured, with limited remote 

management. However, further investigation revealed some negative issues (Zantech 2005), 

which included:  

 
- The digital system used a standard Local Area Network (LAN) data cabling method, 

which limited measuring equipment to digital sensors. In late 2005 these systems were 

principally developed to measure computer-server rooms and laboratories. This 
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resulted in a very limited range of sensors that could be included. Most systems only 

included air temperature and humidity sensors. It was expected that the research would 

need to measure power usage and wind speed among other still to be defined 

environmental conditions. 

  
- If a power outage occurred the system would stop recording data and could require 

restarting manually 

 
- For every eight sensors, a router was required. If a test building had sixty or more 

sensors, there would be quite an expense in providing required supporting equipment. 

This quantity of equipment could add an undesirable quantity of internal heat loads to 

the building being measured.  

 
Due to the very limited range of supported sensors and the other issues listed above, it was 

decided that a digital platform would be unsuitable.   

4.1.3. Analogue Platforms 

An analysis of national and international research across various sectors revealed a strong 

reliance by researchers in architecture, engineering, geography and biology fields on analogue 

data acquisition platforms. The School of Engineering at the University of Newcastle, which 

had constructed test buildings in co-operation with the Clay Brick and Paver Institute of 

Australia had adopted an analogue data acquisition platform (Sugo 2006). The Australian 

Antarctic Research Division, who were measuring climatic and building interior thermal 

conditions in extreme climates, also relied on analogue data acquisition systems (AARD 

2005). Reviewing international research activities by a range of organisations reinforced the 

common and preferred use of analogue data acquisition systems (Lomas 1991; LomasEppel et 

al. 1994; Torcellini et al. 2005). The reasons stated by two institutions listed above and other 

published research included:  

  
- Due to the low power requirement of analogue systems, there was often a battery 

included within the data-logger. The limited power-fail back-up provided by the 

battery reduced data losses during short power outages.  
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- The software required to operate the data-logger was very simple and had received 

many years of improvement, which would minimise possible data-logger failure due 

to software related issues. 

 
- Within the international research community this method of data acquisition had been 

used for some years and as a result, there was a vast array of environmental measuring 

products available, which could be connected to an analogue data-logger 

.  
- The research centre would be able to own and manage the data-loggers. This would 

enable ongoing modifications to the type and quantity of measuring devices and the 

amendment to the data-logger programming, as and when required 

 
- The analogue data-loggers had a limited ‘on-board’ memory, which could be 

expanded with the addition of a static memory card    

 
- Data could be downloaded via a LAN approach if the data-loggers were cabled as a 

parallel circuit.  

 
- An analysis of service providers in Tasmania revealed an availability of local 

specialist consultants. Due to the relative remoteness of Tasmania, the availability of 

locally based technical support, when required, was an important factor in system 

selection  

 
With all these factors considered, it was decided that the analogue data acquisition platform 

was the preferred method for the thermal performance test cells.  
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4.2. Internal Environmental Measurement  

The environmental measurement of the test cells was defined based on the objectives of this 

research, other international examples, CSIRO researchers and industry sponsors (Dewsbury, 

Nolan & Fay 2007). This is discussed in Section 4.3 and the final profile is as per Figures 

A4.2 to A4.5. Once the types of environmental measurement had been defined, a range of 

devices were explored in the context of their:  

 
- Accuracy 

 
- Cost 

 
- Reliability 

 
- Technical skill required to install, program, and calibrate the device. 

 

As this research was innovative, most of the tasks associated with all aspects of the thermal 

performance test cells would be the responsibility of the researcher. As there was limited 

technical support, the selection of pre-calibrated equipment became the preferred option. This 

choice enabled the installation of equipment with some expectation that suitable level of 

accuracy was achieved. Each sensor was checked for its accuracy at the time of installation. A 

simple description of the purpose, type and installation method of each sensor is discussed 

 

 

Figure A4.1 - Analogue data acquisition equipment 
inside the test buildings at the University of 
Newcastle (Photograph from site visit 2005)  

 

Figure A4.2 - Analogue data-logger as installed in 
the unenclosed-perimeter platform-floored test cell 

(July 2006)  
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below. Manufacturer technical specifications are not included here but are readily available 

from each manufacturer.   

 

The assessment and location of each device included a review of manufacturer specifications, 

published research, and advice from CSIRO and industry researchers (ASHRAE 1997a, 2005, 

2009; Delsante 2005b; Dewsbury 2005; Dewsbury, Nolan & Fay 2007; Lomas 1994; 

LomasEppel et al. 1994; LomasMartin et al. 1994; Strachan, P & Vandaele 2008; Timi 2005). 

 

 

Figure A4.3  – Vertical measurement profile for the unenclosed-perimeter and enclosed-perimeter 
platform floored test cells 
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Figure A4.4   – Horizontal measurement profile for the unenclosed-perimeter and enclosed-perimeter 
platform floored test cells 
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Figure A4.5   – Vertical environmental measurement profile for the concrete slab-on-ground floored test 
cell 

 

 

Figure A4.6    – Horizontal measurement profile for the concrete slab-on-ground floored test cell 
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4.2.1. Dry Bulb Temperature 

The measurement of dry bulb temperature in degrees Celsius was required for measuring air 

and surface temperatures in various locations within the thermal performance test cells. The 

temperature sensor that was chosen must measure temperature to the same magnitude as the 

simulated zone temperature from the AccuRate software, to one decimal place or 0.10C 

(ABCB 2006; AccuRate 2007). The chosen sensor must also be suitable for connectivity to 

the chosen analogue data-logger. A review of suitable devices and experience from other 

researchers, led the researcher to choose the Analogue Device type of temperature sensor. The 

Analogue Device sensors had three principal types with varying levels of accuracy, as shown 

below:  

 
- AD592AN: Produces measurements to 0.10C. At 250C the calibration error was 

typically 1.80C 

 
- AD592BN Produces measurements to 0.10C. At 250C the calibration error was 

typically 0.80C 

 
- AD592CN: Produces measurements to 0.10C. At 250C the calibration error was 

typically 0.30C (Figure A4.7).  

 
As shown in Figure A4.7 the AD592CN, provided the greatest accuracy, therefore it was 

chosen as the principal device for measuring temperature, for a range of functions within the 

test cells. Once supplied, and during the installation process each probe was checked for 

accuracy, in a range of temperatures, in both the workshop and test cell, as shown in Table 

A4.1.  

 

Once there was confidence in the new AD592CN’s capacity to measure temperature, bell wire 

was soldered to the terminals (Figure A4.8) and the checking of calibration occurred again. 

The length of the bell wire was selected based on the proposed location and purpose of the 

AD592CN. The length of bell wire ranged from 300mm to several metres.     

 

Each AD592CN was then installed in place to perform its function and a final calibration 

check occurred. 
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Table A4.1 – Calibration of AD592CN Measuring Equipment 

Workshop Based Testing when 

Supplied 

Workshop Based Testing After 

Bell Wire Soldered 

Test Cell Based Testing (After Connection 

to Data Cable and Data-logger  

Comparison to pre-calibrated 
AD592CN 

Comparison to pre-calibrated 
AD592CN 

Comparison to pre-calibrated AD592C 

Comparison to calibrated 
Thermo-couple 

Comparison to calibrated 
Thermo-couple 

 

 

 

Figure A4.7 – Photograph of AD592CN as supplied  

 

Figure A4.8 – AD592CN Temperature probes after 
leading wires were attached with solder 

 

The principal uses of the AD59CN were: 

 
- Air temperature: The probe was placed in the centre of a 25mm PVC conduit, which 

was placed at the desired height within a given location (Figure A4.19). As the sensor 

was to measure average air temperature, the PVC tube was used to reduce the 

possibility of measuring mean radiant temperature and to eliminate the effect of 

occasional air flow washing against the probe and affecting spot readings 

(Loutzenhiser et al. 2006; Sugo 2005-2009).  

 
- Surface Temperature: The probe was affixed with a very thin glue medium to the 

surface being measured. The probe was then covered with reflective tape to reduce the 

location air temperature affecting measurements (Figure A4.13).  

 
- In-Ground Temperature: This method was revised a few times due to failure of the 

AD592CN. The final method required the placement of the AD592CN probe within 
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the centre of a PVC tube. The tube was then filled with silicone and allowed to cure 

(Figure A4.15). Once installed below ground, it was found that the probe stabilised 

quite quickly and remained operational for some time.  

 

 

 

Figure A4.9 – Plywood clad test cell wall profile showing 
inside building wrap air temperature, in-wall relative 

humidity and inside plasterboard surface temperature 

 

Figure A4.10 – Brick veneer clad test cell wall 
profile showing inside brick surface temperature, 

outside wrap surface temperature, inside 
building wrap air temperature and inside 

plasterboard surface temperature 

 

 

Figure A4.11 – Mid-subfloor air temperature for 
the subfloor of enclosed-perimeter platform-

floored test cell 

 

 
 

Figure A4.12 – Outside particleboard surface 
temperature of platform-floored test cells 
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Figure A4.13 – Surface temperature measurement: 
AD592CN probe affixed to concrete floor and 

covered with reflective tape  

 

Figure A4.14 – Ground air temperature of the 
platform-floored test cells 

 

 

 

Figure A4.15 – The 2nd generation of in-ground 
temperature probe within a silicone-filled tube 

 

 

 

Figure A4.16 – Inside floor surface temperature and 
filled-in hole for in-ground temperature of the 

concrete slab-on-ground floored test cell 

 

 

Figure A4.17 – Roof space – mid roof-space air 
temperature and relative humidity 

 

Figure A4.18 – Roof space – mid roof-space air 
temperature and inside sarking surface temperature 
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Figure A4.19– AD592CN Temperature probe 
installed within 25mm PVC tube 

 

Figure A4.20– Adjustable poles with air temperature 
measurement at 600mm, 1200mm, 1800mm air 
temperature and relative humidity at 1200mm 

4.2.2. Mean Radiant Temperature 

Internationally, there has been an extensive discussion on the methods and use of mean 

radiant temperature(ASHRAE 2005; Chadderton 2000; Chen, X et al. 2002; Hey 1968; 

Humphreys 1977; Lidwell & Wyon 1968; Olesen et al. 1989). For this research the copper 

globe temperature sensors were made and installed in late June 2007. For much of this 

validation research the data from these environmental measuring devices is not used and this 

is discussed in Section 4.3.9 (Defining Room Temperature).  

 

The copper globe temperature measuring globes were designed and manufactured by the 

researcher in 2007. The design had been informed by an examination of a range of methods 

from painted ping-pong balls to formed ellipsoid balls. As a result of the research, spun 

copper half spheres were ordered from a copper spinner located in South Australia in early 

2007. A few months later, upon arrival of the half spheres, the researcher refined the design to 

minimise any internal mass within the copper globe. In late June 2007, twenty seven copper 

globe sensors were constructed and installed in the thermal performance test cells and the 

Kingston Five Star houses. The manufacture of the copper globes is best described pictorially, 

as in Figures A4.7 to A4.20. The Calibration of these AD592CN probes followed the method 

as described above in Table A4.1.   
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Figure A4.21 – The raw copper half spheres  

 

Figure A4.22 – Cutting globe inserts: Many aspects of 
this research utilized the School CNC router 

 

 

Figure A4.23 – Prototype 2: Too much MDF inside 
the globe which could affect temperature 

 

Figure A4.24 – Prototype 4: Less MDF inside the 
globe but still could affect temperature 

 

 

Figure A4.25 – Prototype 6 and final design: Much 
less MDF inside the globe but sufficient to support 

AD592CN 

 

Figure A4.26 – MDF supports cut on the school 
CNC router 
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Figure A4.27 – MDF supports fixed in-place with 
hot glue 

 

Figure A4.28 – AD592CN probe and bell wire fixed 
in-place with hot glue 

 

 

Figure A4.29 – Centre piece of MDF support is 
removed 

 

Figure A4.30 – The location of the AD592CN sensor 
is adjusted to ensure it is located in the centre of 

the copper globe 

 

 

Figure A4.31 – Rubber sealant is placed on the half 
spheres for joining 

 

Figure A4.32 – The two halves of the sphere are 
joined by the rubber sealant 
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Figure A4.33 – Joined copper globes drying 

 

Figure A4.34 – After painting, completed copper 
globe sensor in place 

4.2.3. Relative Humidity 

Relative humidity sensors which were suitable for the analogue data-logger and met both the 

technical skills of the researcher and the project budget, were analysed. The selected relative 

humidity sensor was the Vaisala HMW40U relative humidity transmitter. The transmitter 

required a low voltage power supply and returned a signal in the 4 to 20 milliamp range. A 

span was applied to data-logger programming to convert the milliamp value into a relative 

humidity value, where a reading of 4 milliamps represented 0% relative humidity and a 

reading of 20 milliamps represented a relative humidity level of 100%. This device had screw 

terminals within the unit for affixing the bell wires and providing connectivity to the krone 

terminals and data-logger.  

 

Table A4.2 – Calibration of Vaisala HMW40U Measuring Equipment 

Workshop Based Testing when Supplied Test Cell Based Testing (After Connection to 

Data Cable and Data-logger  

Comparison to pre-calibrated HMW40U Comparison to other HMW40U sensor 
Comparison to other relative humidity sensor  
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Figure A4.35 – HMW40U relative humidity 
transmitter installed within a test cell roof 

space  

 

Figure A4.36 – HMW40U relative 
humidity transmitter installed within a 

test cell wall cavity 

 

 

Figure A4.37– Relative humidity measurement of subfloor for the unenclosed-
perimeter platform-floored test cell  

4.2.4. Air Movement 

The environmental measurement profile recognised the need to measure air flows in the 

subfloor and roof space. Interest by one of the industry sponsors added the measurement of air 

flow in the cavity between roof sarking and the roof sheeting. Further discussions with the 

CSIRO added the measurement of a subfloor vent in the enclosed-perimeter platform-floored 

test cell. 

   

The subfloor and roof space air flow required the measurement of vertical and horizontal air 

flows to assess wind based infiltration (Swami & Chandra 1994). The roof sarking cavity and 

the subfloor air vents required the measurement of horizontal air flows. The choice of the type 

of measuring device required establishing the expected air flows and the quality of 
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measurement required. Anemometers which were suitable for analogue measuring platforms 

ranged in quality of measurement from 0.001m/s to 10m/s.  

 

Industry sponsors and CSIRO researchers were unable to provide expected air flow rates for 

the subfloor space, roof space or roof sarking cavity. Through an iterative discussion with 

CSIRO researchers and engineers from industry sponsors, the type of air movement sensor 

required was established, as described below:  

 
- The minimum wind speed to be measured was 0 m/s 

 
- The quality of measurement was defined by the weather file, which required wind 

speed measurements in tenths of a metre per second. 

 
- The current subfloor model of the unenclosed-perimeter platform-floored test cell 

presumed that the subfloor air speed was the same as the weather station wind speed, 

with a reduction factor based on topography. 

 

- The expected air flow for the enclosed-perimeter platform-floored test cell posed more 

questions. The Building Code of Australia specified a square millimetre requirement 

for subfloor wall vents, based on wall length (ABCB 2005). Further research 

established that this value was based on desired hourly air change rates of the subfloor 

area to promote timber durability (Cole 1997; Crowley 2009; Timber Queensland 

LTD 2000; Williamson & Beauchamp 2005; Williamson & Delsante 2006). Based on 

the intended air changes per hour, a calculation was undertaken to establish expected 

average air flow through a subfloor vent. The calculation only provided an average 

value, as the air flow would range from zero up to a factor greater than the external 

wind speed. The external air on hitting the external wall would force some air through 

the wall vent at a rate faster than the general environmental air speed, as in Figure 

A4.38.  

 
This established the magnitude of air speed to be measured as 0.0 m/s to 10.0 m/s, with a 

possible average of 0.12m/s. It was presumed that the air flows in the roof space and roof 

sarking cavity would be less than the rate of air flow in the subfloor vent of the enclosed-

perimeter platform-floored test cell. 
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Table A4.3 - Calculation of Required Subfloor Wall Venting for the Enclosed-perimeter 
Platform-floored Test Cell   

Thermal performance test cell wall lengths    6.0m 

Thermal performance test cell ground area   6.0 x 6.0 = 36.0m2
 

Thermal performance test cell subfloor volume 36.0 x 0.6 = 21.6m3
 

Air changes per hour 1   

Vent size requirement as specified in BCA 2006 6000 mm2 per lineal metre of wall 
Wall vent required 
 6.0 m x 6000mm2 = 36000mm2 per wall 

 

 

 

 

Figure A4.38 - Diagram of subfloor airflows for the enclosed-perimeter platform-floored test cell 

 

Table A4.4 - Calculation of the Number of Wall Vents Required on Each Wall of the Enclosed-
perimeter Platform-floored Test Cell 

Vent type mm2 Qty vents required 

Metal 1 10700 36000mm2 / 10700 = 3.36  

Metal 2 13360 36000mm2 / 13360 = 2.70 
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Table A4.5 - Calculation of the Average Air Flow through Subfloor Wall Vent in the Enclosed-
perimeter Platform-floored Test Cell 

 Metal 1 Metal 2 

Subfloor ventilation – 1 Air change per hour  

Single wall vent area 0.0107m2 0.01336m2 
If the test cell has 2 subfloor vents on each wall, it could be presumed that air flow is: 
- positive for 4 and  
- negative for 4 
Area of 4 positive flowing subfloor vents 
(Vent area x 4) 0.0428m2 0.05344m2 

Theoretical length of a tube of air travelling through a 
subfloor vent in 1 hour 
(subfloor volume / wall vent area = length of tube)  

21.6m3 / 0.0428 = 505m 21.6m3 / 0.05344 = 404m 

Speed of air through vent  
(Tube of air / Seconds per hour) 505 / 3600 = 0.14m/s 404 / 3600 = 0.12m/s 

 

The process did allow the researcher to have discussions with CSIRO and industry researchers 

about the subfloor model and the presumptions that existed in 2005 and 2006. The process 

made the researcher, CSIRO researchers and industry sponsors aware of the limited 

knowledge in this area in Australia.  

 

The next matter was to establish the capability that was required of the anemometer to 

measure the fluctuating nature of air speed in some detail. A review of literature (Chadderton 

2000; Comte-Bellot 1976; Dantec_Dynamics 2006; McWilliams 2002) and the various forms 

of anemometers were explored and included: 

  
Paddle type 

- Problematic due to the size and free floating nature of the paddles  

 
In-line impeller type 

- Problematic due the size of impeller enclosure 

- Most had a minimum measurable air speed of 0.5 m/s, which was unsuitable for this 

research 

 
Hot wire type 

- The hot wire type included single directional, bi-directional and multi-directional 

-  The probe was small and could be placed within the spaces that the research required 

- As most measurements would be examining the flow of air in a particular direction, 

the bi-directional type was the most suitable 

- Able to measure air speeds from 0m/s to 10m/s in tenths of m/s. 
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The defined level of low air flow established from the subfloor wall vent airflows limited the 

suitable types to the hot wire anemometer. Through a process of analysing hot wire 

anemometer types, levels of accuracy and cost, the TSI 8455 hot wire air velocity transducer 

was selected (Figure A4.39). The unit consisted of a control box (Figure A4.39) and hot wire 

probe (Figure A4.40). The transducer required a 12 volt DC power supply, which was beyond 

the capabilities of the data-logger. A separate 12 volt DC power supply was provided via a 

separate power pack. The units were provided with calibration certificates however, limited 

calibration was still performed on site (Table A4.6).    

 

Table A4.6 – Calibration of TSI8455 Hot Wire Transducer 

Workshop Based Testing when Supplied Test Cell Based Testing (After Connection to 

Data Cable and Data-logger  

Comparison to pre-calibrated TSI8455 hot wire 
transducer 

Comparison to other TSI8455 hot wire 
transducer when installed 

 

 

The control box allowed for site-based modifications to: input, output, range and span values. 

The control box settings were made identical for each transducer during the installation 

process. The 4 to 20 milliamp output option was chosen and was included in the data-logger 

programming having the same type of input as the relative humidity transmitters.  

 

Figure A4.39-  The TSI 8455 hot wire air velocity 
transducer 

 

 
 

 

Figure A4.40 -  Detail of TSI 8455 hot wire air 
velocity transducer probe 
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The test cell measurement profiles required air speed measurements in: the subfloor, roof-

space, wall-cavity and sarking-cavity spaces. An element of care was required with the 

handling and placement of the hot wire probes, as they were designed for bi-directional 

measurement. The probe had a mark on one face, signalling the front face of the probe. The 

subfloor measurement of the platform-floored test cells included the centre of subfloor space. 

The air flow measurements for the enclosed-perimeter platform-floored test cell included a 

hot wire probe being placed on the inside of a northern subfloor wall vent.  

 

 

Figure A4.41– Roof space vertical air–flow 
measurement. Mid-roof space air temperature and 

relative humidity also present in photograph 

 

 Figure A4.42– Horizontal (north-south) air-flow 
measurement of unenclosed-perimeter platform-

floored test cell 

 

 

Figure A4.43– Airflow measurement through air 
vent of enclosed-perimeter platform-floored test 

cell 

 

Figure A4.44– Airflow measurement (close view) 
through air vent of enclosed-perimeter platform-

floored test cell 
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4.2.5. Power Consumption 

To quantify the degree of heat generated within the test cells, the consumption of power usage 

was measured. The data-loggers and the direct current power supply for the air speed 

transducers consumed electricity and emitted heat. The amount of energy consumed was 

required to allow for amending the default internal heat loads for each test cell. The 

measurement of all electrical circuits within each test cell included: 

 
- Total Power: This would give a total value of power used within the test cell which 

should match the sum of individual circuits. 

 
- Lighting: The energy use of the light fitting was known but its use was uncertain. 

Knowing the energy use of the lamp allowed for a checking mechanism on data 

readings. The measurement of light usage was also used to help define times when the 

test cell data was not suitable for validation purposes, as it normally indicated that the 

test cell was being accessed 

 
- General Purpose Outlets: The general purpose outlet was the main consumer of energy 

as it provided power for the data-loggers and other equipment, which required a 

separate a power supply. As with the lamp measurement, if there were spikes in the 

measurements taken, it could be presumed that the test cells were undergoing some 

form of maintenance and this data was not used for validation purposes.   

 
- Heater:  The intention behind the heater measurement was to calculate the energy 

required to maintain preset internal temperatures. As a lot of maintenance would occur 

within the test cells, the heater was occasionally used by technicians to keep warm. 

This became another signal that particular test cell data was unsuitable for validation 

purposes.   

  

Electricity consumption was measured with the SC-551-1 current sensors. The SC-551-1 

current sensors required a five volt power supply, which was provided by the data-logger. The 

output signal types included: zero to ten volts, zero to ten amps or zero to twenty amps. The 

zero to ten amps signal type was chosen for the lamp and general purpose outlet circuits. The 

zero to twenty amp option was selected for the heater and ‘all’ test cell power circuits due to 

the heater’s higher operating energy requirement. This was initially established through trial 
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and error during the test cell construction stage, as errors were recorded by the data logger 

when the heater was turned on. This experience occurred despite the labelling of the heater 

stating that the heater energy usage was less than ten amps. As with other devices, the 

programming for the data-logger for the SC-551-1 current sensors included span tables to 

provide the conversion from the recorded amp input to energy consumed. Initially the SC-

551-1 current sensors were recording a spot reading every ten minutes. As the research 

progressed it was realised that this method did not capture intermittent changes or spikes in 

energy consumption. Therefore, the data-logger programming was modified to take 

continuous readings form the SC-551-1 current sensors and to then average the readings over 

the ten minute period.     

 

 

Figure A4.45– Circuit board enclosure with four SC-
551-1 current sensors and heater control relay 

 

 

Figure A4.46 – SC-551-1 Current sensor with the 
electrical cable passing through the sensor and 
the red and white bell wires connected for the 

output signal 

 

4.2.6. Adjustable Poles for Environmental Measurement 

The environmental measurement in the subfloor, room and roof space of the test cells required 

a flexible form of support. The flexible form of support was required to allow for adjustment 

of height and location of sensors as the research progressed and new research questions were 

engaged. In the first stage of this research the sensors were positioned at: 600mm, 1200mm 

and 1800mm in the test cell room, mid roof space and mid-subfloor space. To support the 

environmental sensors an adjustable pole system was designed, which allowed for flexibility 

based on the height of the space and location and purpose of the environmental sensor. The 
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system comprised a square base plate (Figure A4.47), a 20mm timber pole, a 25mm electrical 

conduit and a square top plate. The pole was placed inside the conduit. The pole and conduit 

were then pushed apart until the desired length was achieved and fixed in place by a screw 

through the conduit and pole. Ovoid-shaped pieces were designed (Figure A4.47), which slid 

over the pole or conduit and could move freely up or down the pole, which were fixed in 

place by hot glue (Figure A4.48).   

 

 

Figure A4.47 – CNC router-cut bottom or top plate 
and ovoid environmental sensor support 

 

Figure A4.48– Ovoid piece, hot glued in place  

 

 

Figure A4.49 – Adjustable pole in centre of test cell 
room with AD592CN temperature sensors at 

600mm, 1200mm and 1800mm 

 

Figure A4.50 – Adjustable pole along western wall 
of test cell room with AD592CN temperature 

sensors at 600mm, 1200mm and 1800mm 
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4.3. External Environmental Measurements  

The external environmental measurements of the thermal performance test cells included the 

establishment of a site weather station (Bowman & Lomas 1985; Delsante 2005a; Dewsbury, 

Nolan & Fay 2007; Lomas 1991; LomasEppel et al. 1994; Torcellini et al. 2005) and the 

measurement of solar radiation on the external wall of each of the thermal performance test 

cells. Primary elements of the external environmental measurement were installed from 

August 2006 to January 2007.  The site weather station was affixed to the roof of the middle 

(enclosed-perimeter platform-floored) test cell with a modified roof antennae mounting 

system (Figure A4.51). The site weather station measured dry bulb air temperature, relative 

humidity, wind speed, wind direction and solar radiation. A range of ‘off-the-shelf’ weather 

station type products were examined in the context of accuracy, durability, cost and 

connectivity to the analogue data-logger platform that had been chosen. Most systems were 

analysed into the sub-groups of: 

 
- Temperature and relative humidity 

 
-  Wind speed and wind direction 

 
- Solar radiation 

  
The shadow ring device was fabricated in January 2008 and installed in February 2008, which 

was after the research discussed in this thesis.  

4.3.1. Temperature and Humidity 

By this stage in the design of the environmental measurement equipment, several of the 

selected products were provided by a single supplier in Queensland. Discussions with that 

supplier established which weather station type products were suitable for this research. The 

first elements analysed were the air temperature and relative humidity measurement. The air 

temperature was to be measured to tenths of a degree Celsius and relative humidity was to be 

measured to tenths of a percentage. The Vaisala HUMICAP HMP45A/D temperature and 

humidity probe was chosen (Figure A4.52 and Figure A4.53).  

 

The Vaisala HUMICAP HMP45A/D probe required a 7 to 35 volt direct current input power 

supply, which was provided by the DT500 data-logger. The output signal from both probes 
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was zero to one volt, resulting in readings of -40.0 to +60.0 degrees Celsius for dry bulb 

temperature and 0.8 to 100% for relative humidity.  

 

As the research progressed it was found that when short breaks in power supply occurred, the 

current required for the combined temperature and humidity probe would drain the battery of 

the DT500 data-logger quickly, which resulted in loss of data from the on-board static 

memory. Additional memory cards were acquired to reduce the chance of memory loss from 

the DT500 data-loggers but the power drain for the weather station was still a problem. Due to 

the power requirements of the combined elements of the weather station, it was migrated to a 

DT80 data-logger late in the data collection stage of this research.  

 

 

 
Global Solar Radiation 
 
 
 
North Vertical Solar Radiation 
 
Wind Speed Paddles 
 
 
 
Wind Direction vane 
 
 
 
 
 
Combined Temperate & Relative Humidity 
probe  

Figure A4.51 -  Site Weather Station 

 

 

Figure A4.52 – The Vaisala HUMICAP HMP45A/D 
combined temperature and humidity probe viewed 
from below affixed to modified roof aerial mounting 

system 

 

 

Figure A4.53 – The radiation and rain shield of the 
Vaisala HUMICAP HMP45A/D combined 

temperature and humidity probe viewed from 
above 
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4.3.2. Wind Speed and Wind direction 

A range of products were available for the measurement of wind speed and wind direction. 

Experience gained from the selection of the indoor air-flow measurement was used in the 

selection of the wind speed devices. Available equipment ranged from combined devices to 

systems with a separate wind vane and paddles or impellers. The impeller type offered a more 

accurate spot reading due to its capacity to speed up or slow down quite quickly in response 

to site wind conditions; however, initially the research only required a ten minute spot 

reading. There was also a distinct difference in cost between the impeller and paddle type of 

devices (Wyngaard 1981). Based on cost and type of measurement required, the impeller type 

could not be justified, so a paddle type was chosen. The principal specification was the 

measurement of wind speed to tenths of a metre per second. As a result of this parameter and 

the choice of paddle devices the Pacific Data Systems PDS-WD/WS-10 with a paddle type 

wind speed measurement and separate wind vane was chosen.  

 
The PDS-WD/WS-10 wind speed and wind direction probes were two separate devices, as 

shown in Figure A4.54. The wind speed probe was an electrical generator which produced 

zero volts for zero wind speed and one volt for a maximum measurable wind speed of 27.78 

metres per second. The data-logger programming applied an appropriate span to calculate the 

varying wind speed, based on the fraction of one volt of power generated.  

 
The wind direction probe required a five volt direct current power supply which for the early 

stages of the research was provided by the DT500 data-logger. In later stages the power and 

data acquisition was provided by the DT80 data-logger, as discussed earlier. The wind vane 

required a 3600 clear space for rotation. A piece of square hollow section steel was fabricated 

with a fixing point on one end for the wind speed probe, a hole in the centre for affixing to the 

roof bracket and a fixing point on the opposing end for the wind vane device (Figure A4.54). 

The wind vane had an output of zero to one volt, which equated to 00 to 3600. The data-logger 

programming applied an appropriate span to calculate the varying wind direction, based on 

the fraction of voltage supplied.    

 

As the wind speed device was on top of the test cell roof and not the standard 10m off the 

ground, the values recorded would require modification prior to being included in the site 

climate file. A method of converting the recorded data to a suitable value for the site climate 

file was provided by CSIRO researchers (Chen, D 2009).     
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Figure A4.54 – PDS-WD/WS-10 wind speed and wind direction probes affixed 
to rectangular hollow section steel tube and roof bracket 

4.3.3. Solar Radiation 

The types of solar radiation measurement increased as the research team, CSIRO and industry 

sponsors assessed the mix of minimum and supporting data requirements. Originally, global 

solar radiation was the only type of solar radiation to be observed. As the awareness grew of 

the limited empirical data that was available for research, the types of solar radiation to be 

observed increased, to include north vertical and each of the four external walls on each test 

cell. The site weather station was to include pyranometers for the measurement of global solar 

radiation and direct north vertical solar radiation. It took some time to establish the most 

suitable method to measure diffuse solar radiation. In this research the data for diffuse solar 

radiation was calculated from the observed global solar radiation values.   

 

As with the other elements after the review of literature (Augustyn et al. 2001; de Oliveira, 

Machado & Escobedo 2001; Dutton et al. 2001; Halthore & Schwartz 2001; Halthore et al. 

1996; Lysko 2006; McArthur 1998; Michalsky, JJ et al. 2003; Michalsky, J et al. 1999; 

Mlawer et al. 2000; Myers 2003; Myers et al. 2004; Myers et al. 2002; Parisi & Kimlim 2007; 

Reda 1998) and for suitable devices, products from Pacific Data Systems were examined for 

capability, durability and cost. The SolData 80SPC pyranometer, which at the time was 

relatively new to the market, was selected for the measurement of solar radiation in all 

instances. This was to allow for a consistency in approach to installation, calibration and 

mobility of equipment.  

 

The first of these sensors arrived in late August 2006 and most of the remaining pyranometers 

were installed by January 2007. The measurement of diffuse solar radiation did not 

commence until February 2008. The final configuration of pyranometers comprised:  
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- External mid-wall height on all four external walls (north, west, south and east) of 

each of the three thermal performance test cells (Figure A4.55 and Figure A4.56). This 

was to provide additional data for checking incidental radiation on the external walls 

of the buildings.  

 
- The measurement of global and north vertical solar radiation as part of the site weather 

station (Figure A4.51 and Figure A4.57) 

 
- The measurement of diffuse solar radiation by means of a shadow ring device (Figure 

A4.59). The shadow ring device was designed and fabricated in January and February 

2008.  

 
The SolData 80SPC pyranometers produced electricity, which reflected the amount of solar 

radiation the solar cell received. The voltage supplied by the SolData 80SPC pyranometer was 

converted to watts/m2 based on the device calibration. Each individual pyranometer arrived on 

site with a calibration certificate and a sticker attached, which specified the span for the 

device (Figure A4.58). Each pyramometer was installed individually and the span detailing 

the relationship between the generated millivolts and the conversion to watts/m2 of solar 

radiation was applied to the data-logger programming. To perform site-based calibration, (as 

in Table A4.7), the output values of the newly-installed pyramoneter were compared to the 

output values from a separately wired and pre-calibrated SolData 80SPC pyranometer.  

 

 

Figure A4.55 -  The SolData 80SPC pyranometer 
affixed to brick veneer wall 

 

Figure A4.56 -  The SolData 80SPC pyranometer 
affixed to plywood wall 
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Figure A4.57 – SolData 80SPC pyranometers measuring global and north vertical solar radiation 

 

  

Figure A4.58 – SolData 80SPC pyranometer serial 
number 563 with a span value of 155mV = 

1.0KW/m2 

 

Figure A4.59 – SolData 80SPC pyranometer as part 
of shadow ring device for measuring diffuse solar 

radiation 

Table A4.7 – Calibration of SolData 80SPC Pyranometers 

Workshop Based Testing when 

Supplied 

Test Cell Based Testing (After Connection 

to Data Cable and Data-logger  

Comparison to pre-calibrated 
SolData 80SPC Pyranometer 

Comparison to pre-calibrated SolData 
80SPC Pyranometer 

 

4.4. Infiltration 

Research has shown significant variation in infiltration properties of Australian housing 

(Biggs & Bennie 1988; Biggs, Bennie & Michell 1987; Department_of_Justice_Tasmania 
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2006). For the test cells the measurement of infiltration was required to enable amendments 

the default infiltration input values within the AccuRate software (Bowman & Lomas 1985; 

Delsante 2005a), as in Table A4.8, which included:  

 
- The roof space of all three test cells 

 
- The room of all three test cells 

 
- The subfloor area of the enclosed-perimeter platform-floored test cell 

 
The measurement of infiltration losses required expert technical capabilities and associated 

equipment (ATTMA 2006; Cosmulescu 1997; Palmiter & Francisco 1996; Sherman 1998). 

The research had an informal linkage with the Mobile Architecture & Built Environment 

Laboratory (MABEL) at Deakin University. MABEL was engaged to undertake the 

assessment of infiltration losses for the thermal performance test cells. In consultation with 

the researchers from MABEL, it was established that the most suitable method to measure 

infiltration was by the tracer gas method (Luther 2008; Torcellini et al. 2005). The methods 

used by MABEL adhered to the requirements of AS1668.2-2002 (Standards Australia 2002) 

and ASHRAE Standard 129-1997 (ASHRAE 1997b). This method selected required the 

supply and distribution of a gas within a zone by a dosing pipe and a second, sampling, pipe 

analysed the make-up of the air within the zone to establish the rate of decay or infiltration 

loss (Figure A4.61 and Figure A4.63). Dosing gas pipes were attached to electric fans which 

distributed the gas throughout a zone (Figure A4.62).   

Table A4.8 - Zones Which Required the Measurement of Infiltration 

 Unenclosed-perimeter 

Platform-floored 

Enclosed-Perimeter 

Platform-floored 

Concrete Slab-on-ground 

floored 

Roof Space Measured Measured Measured 

Test Cell Room Measured Measured Measured 

Subfloor Space Not Measured Measured Not Applicable 

 

 

As there were multiple zones to be measured within a single building, it was decided that 

more than one gas should be used. In the first infiltration tests undertaken in March 2007, two 

gases: sulphur hexafluoride and carbon monoxide were used (Figure A4.60). The two gas 
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method worked well for most zones with the exception of the enclosed-perimeter platform-

floored test cell. This building had three zones and with the two gas method, two zones 

required the same gas, limiting the opportunity to examine infiltration transport between 

zones. For the measurements in March 2007, one gas type was used for the room and the 

second gas type was used for the roof and subfloor spaces. The research team was confident 

that very little infiltration existed between the subfloor and roof spaces but to be certain, the 

gas was released in a controlled manner into each zone at separate times. This method 

established whether or not there was any direct transport between the subfloor and roof space. 

In the second round of infiltration tests, (which occurred after carpet was installed in 

September 2007 and is not included in this research), three gases were used. Modifications 

were made to the measuring equipment and acetone was chosen as the third gas. 

 
 

 

Figure A4.60 – SF6 and CO2 cylinders with Tracer 
gas equipment, which controlled gas dosing and 

measured gas decay in the test cell zones 

 

 

Figure A4.61 – Tracer gas pipes: a dosing gas and 
a  return sampling gas pipe for each zone  
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Figure A4.62 – The dosing gas was dispersed with 
an electric fan 

 

 

Figure A4.63 – A return sampling gas line was 
placed in the centre of each zone to measure gas 

presence within the zone 

 

 

4.5. Calibration of Measuring Equipment 

Calibration and the ongoing checking of sensors occurred during the research period, as is 

evident in other international and national research (Bowman & Lomas 1985; Delsante 2005-

2010; Sugo 2005-2009; Torcellini et al. 2005). As described above for each type of sensor, 

calibration initially occurred when elements were received, and subsequently in the workshop 

when wiring was attached and in the test cell during the installation process.   

 

The data-loggers were also tested as subtle effects in measurements were observed by the 

University of Newcastle (Sugo 2005-2009) and also during the workshop testing in this 

research, as a result of air moving across the data-logger terminals. To eliminate any effect 

from the air movement across the data-logger, they were installed within a metal security box, 

as in Figure A4.64. The data-loggers included an in-built testing program, which was used at 

regular intervals during the research and especially after power disruptions occurred. The 

data-loggers were configured to operate from their battery power, as in Figure A4.65. By 

operating the data-logger in this manner the affect of fluctuations in the test cell power supply 

were eliminated and in most cases, when a power surge occurred, the system as a whole, was 

protected. However, after some power surges, the integrated circuits within a data-logger were 
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damaged and required replacement and in one instance a few of the resistors, (between the 

data-logger and individual sensors), were damaged. Sometimes the damage in the data-logger 

was only evident in the sudden change to the data from a particular sensor, which led to the 

sensor, cable and data-logger all being calibrated.  

 

 

Figure A4.64 – Data–logger installed within steel security box to eliminate any affect from air movement 
across terminals (The lid which is normally closed is open in this photograph) 

 

 

 

Figure A4.65 – Diagram of power supply from test cell to individual sensors 

4.6. Environmental Measurement: Installation Process 

The majority of sensors were installed progressively, from mid July 2006 to December 2006 

(Dewsbury, Nolan & Fay 2007). During this installation process, minor systemic or sensor 

problems were identified and rectified. Items rectified included: the earth cabling between the 

data-logger and channel expansion module, the care of cable connections or terminations, 
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programming errors, span errors and the general testing and calibrating of equipment 

(Bowman & Lomas 1985; Strachan, PA 2008). The rectification of these errors often led to 

improvements in the programming and cabling systems, which were adopted during the 

monitoring period of this research. Each test cell had two data-loggers, comprising: 

 
- Data-logger A: Primarily recorded the air temperatures of the pole sensors, electricity 

consumption and other temperature sensors in the subfloor and roof space 

 
- Data-logger B: Recorded data from the remaining temperature sensors, air movement, 

relative humidity and solar radiation 

  
 
The reasons for the prolonged installation process were the result of two key events as 

follows:  

 
- Orders were placed for the majority of the equipment in November 2006, whilst the 

Best 5 Star and No Bills project was underway. When this project stalled, the existing 

orders were cancelled. By the time the Test Cell project was confirmed, new orders 

had to be placed with international providers and subsequent delays in supply 

occurred.   

 
- International regulation requiring the elimination of lead from solder. This affected the 

manufacturing process of many of the small electrical components, which formed 

elements of the monitoring system. This delay in supply was experienced by many 

entities involved in the electrical component industry.  

 
The table below provides a summary of the installation process. As much as these delays did 

affect the implementation process, the extra time allowed for a more thorough understanding 

the monitoring system and a more comprehensive approach to calibration and fault 

eradication.  
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Table A4.9 - Data-logger and Sensor Installation Summary 

14 July 2006 1 x HOBO Installed in the centre of each test cell  

20 to 26 July 2006 Preliminary data-logger with 1 unshielded AD592CN installed in the centre of each 

test cell 

11 to 15 August 2006 Data-logger A installed in each test cell. Data-logger A recorded the data from the 

shielded temperature sensors on the room poles and test cell electricity use   

16 to 24 August 2006 Data-logger B installed in each test cell  

25 August 2006 to  

25 September 2006 

System fault removal and calibration 

Data-logger programming revisions for Logger A & Logger B   

26 September 2006 to 

16 November 2006 

System fault removal and calibration 

Site Weather Station – Wind Speed & Direction  

17 November 2006 to 

20 December 2006 

System fault removal and calibration 

Site Weather Station – Temperature & Humidity 

20 December 2006 Site Weather Station – Global & North Solar Irradiance  

01 January 2007 to  

23 June 2007 

Period of this research 

September 2007 Carpet installed in test cells 

February 2008 Shadow ring device for measurement of diffuse solar radiation (not included in this 

research)  

 

Up till the end of August 2006, construction work was still underway, and there were 

extensive periods with erratic heater use and the test cell doors were open. During this period 

only a limited amount of data was collected and was not suitable for validation purposes. 

From August to December 2006, the measurement systems were still being implemented and 

improved, resulting in at times incorrect and incomplete data, rendering the data from this 

period unsuitable for validation purposes (Strachan, PA 2008). Further analysis of this earlier 

data is possible after appropriate annotation and cleaning, but not for empirical validation 

purposes. Similarly the data collected after June 23, 2007 is valid, but not suitable for 

empirical validation purposes.  
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