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Abstract: The importance of the cooling effect of air movement to thermal comfort in hot humid 
climates is widely acknowledged, however theoretical models of this effect have not been tested in a 
residential setting. An 11 month longitudinal comfort study of 20 houses in Darwin, Australia yielded 
1360 thermal comfort vote responses with corresponding indoor climatic measurements, including air 
speed. A model to describe the cooling effect of air movement was developed using these data. This 
model allows for the benefits of natural ventilation and fan use to be accounted for when assessing the 
indoor thermal environments of climatically designed houses in hot humid conditions. 
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1. Introduction 

Traditional forms of tropical bio-climatic housing are designed to effectively capture and enhance air 
movement throughout the building, reducing or avoiding the need for air conditioning. The importance 
of air movement to thermal comfort is widely understood by the occupants of these buildings; however 
current theoretical models of this effect remain largely untested in residential settings. The aim of the 
research presented in this paper was to develop a model for the cooling effect of air movement using 
collected data and to compare it to existing models. This research is relevant because regulatory 
thermal simulation software in Australia, AccuRate, incorporates a theoretical model which may not 
adequately allow for the benefits of natural ventilation and fan use in houses in hot humid climates. 

1.1 Air movement and thermal comfort 

Early studies in hot humid climates emphasised the importance of air movement in achieving thermal 
comfort (Webb, 1957; McFarlane, 1958). Despite these findings, widely used thermal comfort standards 
developed in Europe and the United States (US) distinguish air movement as undesirable ‘draft risk’ 
(Fanger et al., 1988; ISO 7730, 2005). As these standards are increasingly applied worldwide in varying 
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climates, researchers are again seeking to recognise the beneficial contribution of air movement to 
thermal comfort in warm to hot conditions (Zhu et al., 2015; Rupp et al., 2015). The opportunities for 
providing thermally acceptable conditions through greater air movement is now of increasing interest, 
particularly in reference to the wider movement to reduce reliance on air conditioning appliances for 
comfort (Roaf et al., 2010; Brager et al., 2015). Recent studies have shown that there is often a strong 
demand for higher air velocities in warm and hot conditions (Yang et al., 2009; Cândido et al., 2011; 
Huang et al., 2013). Whilst much of the recent work incorporating some kind of assessment of air 
movement in relation to thermal comfort reports on the positive link between thermal sensation and air 
velocity, none attempt to describe this effect in a manner that can be incorporated into the future 
assessment of thermal environments. Similarly, very few studies are conducted in residential settings, 
despite the obvious opportunities for natural ventilation in dwellings. Supporting the need for further 
work in this area, Brager et al. (2005) conclude a review of contemporary thermal comfort research 
with; 

A major theme has been indoor air movement, a long neglected resource for cooling and 
air quality, requiring new understanding, products and control approaches. (Brager et al., 
2015, p286) 

1.2. Measurement of air speed in thermal comfort field surveys 

Air movement is one of the four environmental factors required to assess human thermal comfort 
conditions (ASHRAE, 2013); however it is not often measured in thermal comfort field research because 
of the expense, delicacy, accuracy and power consumption of anemometer sensors (Nicol et al., 2012). 
ASHRAE Standard 55-2013 (ASHRAE, 2013) presents stringent requirements for the range and accuracy 
of air speed measurement instrumentation; however historically methods used to determine air speed 
are far less precise. Early thermal comfort studies used the laborious Kata thermometer to estimate air 
speed (Nicol et al.; 2012; Bedford, 1963). More recent research employs thermal anemometers (Melikov 
et al., 2007), although their use often presents the same limitations as noted above (Nicol et al.; 2012). 
In cross-sectional thermal comfort surveys researchers are able to mount the monitoring equipment 
onto a portable base (Cândido et al., 2010); which largely overcomes many of the issues regarding 
expense and delicacy of sensors. In longitudinal studies where this approach is not appropriate a 
technique for estimating air speed based on window, fan and air-conditioning operation is commonly 
employed (Saman et al., 2013; Williamson et al., 1990). These solutions demonstrate the need to 
develop economical instrumentation for the measurement of air movement for thermal comfort 
research. 

1.3. Cooling effect of air movement in ASHRAE55-2013 and CEN Standard 15251-2007 

International thermal comfort standards facilitate some increase in the upper boundary of comfort in 
warm to hot conditions due to elevated air speeds. The effect of elevated air speed is incorporated 
within the equation of the analytical model for thermal comfort (i.e. PMV-PPD). This paper, however, 
will focus on adaptive models of thermal comfort which are likely to be more appropriate for application 
in residential settings (Peeters et al., 2009; Saman et al., 2013; Daniel et al., 2015). The upper boundary 
of the ASHRAE adaptive model can be extended incrementally by 1.2°C when the average air speed is 
0.6m/s, 1.8°C at 0.9m/s and 2.2°C at 1.2m/s, when the prevailing mean outdoor temperature is greater 
than 25°C (ASHRAE, 2013). Similarly, the CEN adaptive model is able to be extended for air speeds above 
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0.2m/s when the indoor operative temperature is above 25°C using a convex logarithmic function (CEN 
Standard 15251, 2007).  

The key limitation of both of these models is that they are not dependent on humidity. Previous 
research (Givoni & Milne, 1981) suggests that the cooling effect of air movement decreases with 
increasing humidity. Therefore, in a hot humid climate where the conditions indoors are closely linked 
with outdoor weather, the recognition of humidity is vitally important.  

1.4. Cooling effect of air movement in AccuRate  

Within the regulatory building performance software, AccuRate, Szokolay’s theoretical model (2000) is 
used to account for the cooling effect of air movement (Delsante, 2005; Chen, 2011). This model was 
developed specifically for practical application in the assessment of tropical housing within Australia. 
The proposed function defined by Equation 1 is derived from the analysis of eight other models (ASHVE, 
1932; Drysdale, 1952; Rohles et al., 1974; Arens et al., 1981; ASHRAE, 1985; Arens & Watanabe, 1986; 
Humphreys & Nicol, 1995). Again, despite the recognition that the cooling affect may diminish with 
increasing humidity, it is not included in the Szokolay equation. This paper explores a method for taking 
both air sped and humidity into account. 

 

dT = 6ve – 1.6ve
2            

(1) 

Where:  

dT = cooling effect (K), v = actual air speed (m/s), ve = effective air speed = v-0.2m/s 

2. Methods 

Twenty households located in Darwin, Australia, participated in an 11 month thermal comfort field 
study from June 2013 to May 2014. The households were chosen to participate in the study because the 
occupants operated their dwellings as partially or solely naturally ventilated. This fieldwork was 
conducted as part of a broader research project investigating occupant preferences and behaviour in 
dwellings of atypical construction within Australia (Daniel et al.., 2015).  

2.1. Climate 

Darwin has the Köppen climate classification ‘BSh’; hot sub-tropical steppe. The climate has three main 
seasons; the build-up, the wet (monsoon) and the dry. Average annual rainfall recorded at the closest 
Bureau of Meteorology (BOM) weather station, Darwin Airport (Station number 014015, 12.42 °S, 
longitude 130.89 °E), is 1726.5mm. The majority of rainfall is received in the monsoon period through 
January, February and March. The driest period is through June, July and August where very low 
amounts of rainfall are recorded (1.9mm, 1.2mm and 5.0mm respectively). Mean daily maximum 
temperatures have a narrow range from 30.5°C in July (the dry) to 33.3°C in November (the build-
up/the wet), while mean daily minimum temperatures have a similarly narrow range from 19.3°C in July 
to 25.3°C in November and December. Humidity is highest in the wet season with a mean 9am relatively 
humidity of 83% (February) and lowest in the dry season with a mean 3pm relatively humidity of 37% 
(July) (BOM, 2013).  
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2.2. Thermal comfort survey 

A paper based comfort vote survey in booklet form was distributed to all households; residents above 
the age of 18 years old were invited to fill them out on a daily basis. Three widely used subjective 
measures of thermal comfort were included; sensation 1=Cold to 7=Hot (ASHRAE, 2013); preference 
1=Cooler, 2=No change, 3=Warmer (McIntyre, 1982) and; comfort 1=Very uncomfortable to 6=Very 
comfortable (Brager et al.., 1993). The survey also asked the respondents to report their clothing level, 
activity, and window, fan and artificial heating/cooling operation. A final question asked respondents to 
identify any source of discomfort not directly related to temperature (i.e. draft, stuffy, dry, humid 
sensation). Survey responses were collected at the mid-point and at the end of the monitoring period. 
Responses were manually entered into an Excel spreadsheet with the corresponding environmental 
measurements at or around the time the respondents completed their survey responses. 

2.3. Equipment 

Temperature, relative humidity and globe temperature were measured and recorded using the HOBO 
U12-013 data loggers. At the time of planning the fieldwork no existing systems for measuring and 
logging air speed were feasible to use. The data collection system needed to be relatively inexpensive, 
self-sufficient for power for at least six months, unobtrusive, robust and able to measure air movement 
to a sensitivity of 0.1m/s. In March and April 2013 an experimental system was developed that utilised 
the open source hardware and software system Arduino™ to connect an Accusense F900 Thermal Air 
Flow Sensor to the standard HOBO U12-013 logger. A full description of the system and development 
process was reported in (Daniel et al., 2014).  

Two loggers were placed in each household; the logger incorporating the anemometer sensor was 
located in the household’s primary living area, while a secondary logger was placed either in a 
subsequent living area or the main bedroom. The loggers were located away from heat sources, out of 
direct sunlight and, where possible, in a central location within the room at approximately 1.1-1.7m 
above floor level. In general, data collection meets the requirements of a Class-II field study and the 
requirements of ASHRAE 55-2013 (ASHRAE, 2013) for data collection. 

3. Results 

During the monitoring period a total of 2535 thermal comfort vote surveys were completed by 56 
subjects from the Darwin households. One thousand, three hundred and sixty of those surveys had 
corresponding air speed measurements, a basic statistical overview of these data are presented in Table 
1. The conditions within the dwellings were predominantly warm to hot with high humidity (see Figure ) 
whilst the average air speed was relatively low (0.23m/s) at the time that votes were cast (see Table 1). 
Figure 2 demonstrates the range of air movement achieved within one of the dwellings during July 2013. 
Note that for the first half of the month the occupants were away and the house was closed up. 
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Table 1: Descriptive statistics for the thermal comfort votes surveys. 
Variable N Minimum Maximum Mean Standard deviation 

Indoor operative temperature (°C) 1360 16.3 36.4 28.3 2.9 

Air velocity (m/s) 1360 0.01 2.01 0.23 0.12 

Relative humidity (%) 1360 20.8 98.3 67.6 17.6 

Outdoors running mean temperature (°C) 1360 23.1 30.5 26.9 1.7 

Thermal sensation vote 1356 1 7 4.1 1.1 

Clothing insulation (clo) 1360 0.04 1.0 0.33 0.20 

Metabolic rate (met) 1360 0.8 2.0 1.3 0.4 

 

Figure 1: Psychrometric chart of the temperature and humidity at the time that “No change” thermal 
preference votes were recorded. (Note: dash lines indicate the acceptable range of operative 

temperature and humidity according to ANSI/ASHRAE 55-2013) 

 

Figure 2: Hourly air speed measurements in a naturally ventilated Darwin dwelling in July 2013. 
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3.1. Development of the cooling effect model 

The thermal comfort surveys that had corresponding air speed measurements were then used in the 
development of a model to describe the cooling effect of air movement. A model is proposed for the 
comfort effect of the form dT = f(ve, RH%). In order to identify the parameters of this function the 
surveys where occupants had elected a ‘no change’ preference vote were binned into <75% RH and 
>75% RH humidity groups. All data were used to represent a central or average humidity group. This 
approach was taken in order to attempt to account for the influence of humidity in the model.  

These groups were then further disaggregated by binning the data by airspeed; <0.2m/s, 0.2-0.3m/s 
and >0.3m/s. The average operative temperature and air speed was attained for each of these bins. The 
temperature at 0.2m/s was determined using the equations derived from plotting the average 
temperature and average air speed at each bin. To get an effective air speed, the average air speed for 
each bin was subtracted by 0.2 following Szokolay’s methodology. The effective air speed was then 
plotted against the cooling effect; temperature at 0.2m/s subtracted from the average operative 
temperature at the 0.2-0.3m/s and >0.3m/s bins respectively, because by “definition” in the Szokolay 
method there is no cooling effect at zero effective air speed. Each plot in these cases is constrained to 
pass through the 0.0 point, see Figure 3. The coefficients derived from each humidity bin are presented 
in Table 2. 

Table 2: The average humidity and coefficient of cooling effect (°K) vs. air speed (m/s) for each humidity 
bin. 

Humidity bin Average humidity Coefficient 

All RH values 67.1 2.99 
<75RH values 55.0 3.24 
>75RH values 85.4 2.38 

 

The coefficient for each humidity group was then plotted against the average humidity for that 
group (Figure 4). This yields an equation by which the cooling effect of air movement can be calculated 
(Equation 2 & 3). The cooling effect for three different humidity levels is compared with Szokolay’s 
function in Figure 5. 

 

y = 4.86 – 0.029RH           (2) 

Where:  

RH = relative humidity  

 

dT = vey             (3) 

Where:  

dT = cooling effect (K) as a function of air speed (m/s), ve = effective velocity 
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Figure 3: Cooling effect & air speed for each 
humidity bin. 

 

Figure 4: Coefficient & relative humidity. 

 

 

Figure 5: Comparison of the calculated cooling effect of air movement with Szokolay’s function. (source: 
Szokolay, 2000, page 147) 

4. Discussion 

This model was developed specifically for application in the assessment of residential thermal 
environments within hot humid climates of Australia. Figure 6 demonstrates how the model could be 
applied to the ASHRAE adaptive model of thermal comfort. The extension is applied to the upper 80% 
limit at prevailing mean outdoor temperatures greater than 25.3°C, the temperature corresponding to 
the greatest proportion of ‘no change’ thermal preference votes. This corresponds well with the 
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temperature (25.0°C) that both the ASHRAE and CEN adaptive models allow the consideration of the 
cooling effect of elevated air speeds.  

 

Figure 6: Extension to adaptive upper 80% limit. (Note: the extensions are based on effective air speed 
at 67.6%RH, the average humidity at the time that comfort votes were recorded) 

Importantly, this model accounts for the influence of humidity levels in the cooling effect of air 
movement. At higher humidity levels, the cooling effect is reduced. For example, at 50%RH with an 
effective air speed of 1.0m/s the upper boundary of comfort could be raised by 3.4°K, while at 75%RH 
with the same air speed, it would be raised by 2.7°K. In ASHRAE 55-2013, the corresponding increase to 
the 80% upper limit of the adaptive model is just 2.2°C independent of humidity levels (ASHRAE, 2013). 
Similarly, comparing Szokolay’s model, the cooling effect is greater than the proposed model at 1.0m/s 
but then is reduced at 1.5m/s and 2.0m/s. This example demonstrates that current allowances for the 
cooling effect of air movement may indeed under estimate the benefit afforded to thermal comfort.  

5. Conclusions 

In the assessment of the thermal performance of naturally ventilated houses in hot humid climates it is 
critical that the cooling effect of air movement be adequately accounted for when determining 
acceptable thermal conditions. The proposed model provides greater accuracy in assessing the effect of 
air movement than the current theoretical model incorporated within the regulatory thermal 
performance simulation software, AccuRate. The contribution of the research presented in this paper is 
to encourage more climatically appropriate responses to housing in tropical climates by acknowledging 
the influential role of natural ventilation in the thermal comfort of the occupants.  

The results presented in this paper demonstrate the successful application of a relatively inexpensive 
experimental air movement sensor. With further development it offers a way by which air speed data 
can more readily be collected in longitudinal thermal comfort fieldwork studies. 

The collection of this data enabled the development of a model to account for the cooling effect of 
air movement that also takes humidity into consideration. The use of this model allows the benefits of 
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natural ventilation and fan use to be acknowledged in the assessment of bio-climatically designed 
tropical housing. 

Acknowledgements 

The authors would like to thank Mr Andrew Carre for his assistance in the development of the air 
movement sensor. This research was supported by funding from CSIRO. 

References 
Arens, E.A. and Watanabe, N.S. (1986) A method for designing naturally cooled buildings using bin climate data, 

ASHRAE Transactions, PO-86-15 No. 1. 
Arens E.A., Zeren, L., Gonzales, R., Berglund, L. and McNall, P.E. (1981) A new bioclimatic chart for environmental 

design, in Building Energy Management, ICBEM, Pavoa de Varzim 1980. Pergamon, 645-657. 
ASHRAE. (1985) Handbook of Fundamentals: Chapter 8: Physiological principles for comfort and health. Atlanta, GA: 

American Society of Heating, Refrigerating and Air-Conditioning Engineers. 
ASHRAE. (2013) Thermal Environmental Conditions for Human Occupancy, ASHRAE Standard 55–2013. Atlanta, GA: 

American Society of Heating, Refrigerating and Air-Conditioning Engineers. 
ASHVE. (1932) Guide. American Society of Heating and Ventilation Engineers.  
Bedford, T. (1936) The Warmth Factor in Comfort at Work: A physiological study of heating and ventilation, London: 

Medical Research Council Industrial Health Research Board. 
Brager, G.S., Fountain, M.E., Benton, C.C., Arens, E.A. and Bauman, F.S. (1993) A Comparison of Methods for 

Assessing Thermal Sensation and Acceptability in the Field, In Proceedings of Thermal Comfort; Past, Present 
and Future, Watford, United Kingdom, 9–10 June 1993, edited by Nigel Oseland, 17–39. London: British 
Research Establishment. 

Brager, G., Zhang, H., & Arens, E. (2015) Evolving opportunities for providing thermal comfort. Building Research 
and Information, 43(3), 274-287. doi: 10.1080/09613218.2015.993536 

Bureau of Meteorology (BOM). (2013) Climate Statistics for Australian Locations. Retrieved from 
http://www.bom.gov.au/climate/averages/tables/cw_014015.shtml.  

Cândido, C., de Dear, R.J., Lamberts, R. and Bittencourt, L. (2010) Air movement acceptability limits and thermal 
comfort in Brazil's hot humid climate zone, Building and Environment, 45(1), 222-229. 

Cândido, C., Lamberts, R., De Dear, R., Bittencourt, L., & De Vecchi, R. (2011) Towards a Brazilian standard for 
naturally ventilated buildings: Guidelines for thermal and air movement acceptability. Building Research and 
Information, 39(2), 145-153. doi: 10.1080/09613218.2011.557858 

CEN Standard EN15251. (2007) Indoor environmental input parameters for design and assessment of energy 
performance of buildings addressing indoor air quality, thermal environment, lighting and acoustics, Bruxelles: 
European committee for Standardisation. 

Chen, D. (2011) AccuRate Fan Speed Calculation. Highett: CSIRO Sustainable Ecosystems.  
Daniel, L., Carre, A., Williamson, T. and Chen, D. (2014) Development and application of air movement logger for 

thermal comfort research, 13th International conference on Indoor Air Quality and Climate, Hong Kong, 7-12 
July 2014, International Society of Indoor Air Quality and Climate.  

Daniel, L., Williamson, T., Soebarto, V. and Chen, D. (2015) Learning from thermal mavericks in Australia: comfort 
studies in Melbourne and Darwin, Architectural Science Review, 58(1), 57-66.  

Delsante, A. (2005) Is the new generation of building energy rating software up to the task? - A review of AccuRate, 
in ABCB Conference 'Building Australia’s Future 2005', Surfers Paradise: Australian Building Codes Board. 

Drysdale, J.W. (1952) Designing houses for Australian climates. Bulletin No. 6, Experimental Building Station, 
Australian Government Public Service. 

Fanger, P O., Melikov, A K., Hanzawa, H., & Ring, J. (1988) Air Turbulence and Sensation of Draught. Energy and 
Buildings, 12, 21-39. 

http://www.bom.gov.au/climate/averages/tables/cw_014015.shtml


1086 L. Daniel, T. Williamson, V. Soebarto and D. Chen 

 
 

Huang, L., Ouyang, Q., Zhu, Y., & Jiang, L. (2013) A study about the demand for air movement in warm environment. 
Building and Environment, 61, 27-33. doi: 10.1016/j.buildenv.2012.12.002 

Humphreys, M.A., and Nicol, J.F. (1995) An adaptive guideline for UK office temperatures, chapter 20 in Standards 
for thermal comfort, eds. Humphreys, M A., & Nicol, J F. 

Givoni, B. and Milne, M. (1981) Givoni-Milne bioclimatic chart, in Guthrie, P. 1995, The Architect’s Portable 
Handbook, New York: McGraw-Hill. 

ISO 7730, (2005) Moderate Thermal Environments-Determination of the PMV and PPD Indices and Specification of 
the Conditions for Thermal Comfort, International Standards Organization (ISO), Geneva. 

Macfarlane, W V. (1958) Thermal Comfort Zones. Architectural Science Review, 1(1), 1-14. 
McIntyre, D.A. (1982) Chamber Studies - Reductio ad Absurdum, Energy and Buildings, 5(2): 89–96. 
Melikov, A.K., Popiolek, Z., Silva, M.C.G., Care, I. and Sefker, T. (2007) Accuracy limitations for low-velocity 

measurements and draft assessment in rooms, HVAC&R Research, 13(6), 971-986. 
Nicol, F., Humphreys, M. and Roaf, S. (2012) Adaptive Thermal Comfort: Principles and Practice. Oxon: Routledge. 
Peeters, L., de Dear, R J., Hansen, J., and D’haeseleer. (2009) Thermal comfort in residential buildings: Comfort 

values and scales for building energy simulation, Applied Energy 86, 772-780. 
Roaf, S., Nicol, F., Humphreys, M., Tuohy, P., & Boerstra, A. (2010) Twentieth century standards for thermal 

comfort: promoting high energy buildings. Architectural Science Review, 53(1), 65-77.  
Rohles, F.H., Woods, J.E. and Nevins, R.G. (1974) The effects of air movement and temperature on thermal 

sensations of sedentary man, ASHRAE transactions, No. 2298, 80(1), 101-119.  
Rupp, R F., Vásquez, N G., & Lamberts, R. (2015) A review of human thermal comfort in the built environment. 

Energy and Buildings, 105, 178-205. doi: 10.1016/j.enbuild.2015.07.047 
Saman, W., Boland, J., Pullen, S., de Dear, R., Soebarto, V., Miller, W., Pocock, B., Belusko, M., Bruno, F., Whaley, D., 

Pockett, J., Bennetts, H., Ridley, B., Palmer, J., Zuo, J., Ma, T., Chileshe, N., Skinner, N., Chapman, J., Vujinovic, 
N., Walsh, M., Cândido, C. and Deuble, M. (2013) A framework for adaptation of Australian households to heat 
waves, Gold Coast: National Climate Change Adaptation Research Facility, 242 pp.  

Szokolay, S. (2000) Dilemmas of war-humid climate house design: Heavy vs. lightweight + cooling effect of air 
movement, in Architecture City Environment: Proceedings of PLEA 2000, London: James & James. 

Webb, C G. (1957) Natural Ventilation in Low-Latitude Buildings. Reprinted from the Journal of the Royal Institute of 
British Architects. 

Williamson, T.J., Coldicutt, S. and Penny, R.E.C. (1990) Aspects of thermal preferences in housing in a hot humid 
climate, with particular reference to Darwin, Australia, International Journal of Biometeorology, 34, 251-258. 

Yang, W., & Zhang, G. (2009) Air movement preferences observed in naturally ventilated buildings in humid 
subtropical climate zone in China. International Journal of Biometeorology, 53(6), 563-573. doi: 10.1007/s00484-
009-0246-z 

Zhu, Y., Luo, M., Ouyang, Q., Huang, L., & Cao, B. (2015) Dynamic characteristics and comfort assessment of airflows 
in indoor environments: A review. Building and Environment, 91, 5-14. doi: 10.1016/j.buildenv.2015.03.032 

 


