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ABSTRACT:  In warm-humid climates, such as coastal northern Australia there is a tradition of open-air 
life style, with houses having no sharp boundary between inside and outside. Houses have been 
designed for full cross-ventilation. However, the recent proliferation of air conditioning changes this life 
style and dramatically increases energy consumption. It would be highly desirable to design houses that 
obviate the need for air conditioning, but it is difficult to legislate for such designs. Cross-ventilation may 
be prescribed, but air movement can be generated also by ceiling fans, that extend the upper limit of 
comfort. Such ceiling fans can be considered a ‘fixture’, rather than a portable appliance. How can this 
be recognised in house energy rating? The paper examines the magnitude of such cooling effect and 
estimates the effect of ceiling fans both in terms of air velocity and savings: it examines how far these 
can delay the escape to air conditioning. 
 
Conference theme: building and energy 
Keywords: comfort limits, air movement, ceiling fans 
 
 

INTRODUCTION 
The revised version of BCA (Building Code of Australia) requires for a proposed house either compliance with the 
prescriptive details or an “energy rating” of the design. NatHERS (inter alia) is a simulation program widely used for 
such rating. It works reasonably well in the southern states where the main energy user is heating and heat losses 
are calculated through the specified building envelope and by infiltration/ventilation. However, considerable 
dissatisfaction has been expressed in the northern areas of Australia, where there is a tradition of open-air life style 
and most houses are designed to maximise cross-ventilation. These are usually of lightweight construction, which 
can never be cooler than the outside air. Solar heat gains and internal loads will always create some elevation of 
indoor temperature (Ti) over the outdoors (To). The intention is to keep Ti as near as possible to the outside air 
temperature.  
 
The ideal “house” would be that shown in Fig.1: an elevated platform, no walls, overhanging eaves to ensure full 
shading with a good, insulating thatched roof to reduce solar gains as far as possible. NatHERS would be at a loss to 
produce a rating for such a house. 
 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
  
  Figure 1:    The ‘ideal house’ for warm-humid climates (after Latta, 1973) 
 
 
To answer such complaints and dissatisfaction EMTF (Energy Management Task Force) called a workshop meeting 
of interested parties in August 1999, which was held in Brisbane and I was asked to serve as a ‘facilitator’. This 
workshop tackled firstly the two problems of 
 
1) setting comfort limits (thermostat settings) which vary with the climate and include humidity effects 
2) simulation of the air flow through the house induced by the breeze. 
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1. MEASURES OF COMFORT 
The workshop decided to adopt the new effective temperature, ET* as the measure of comfort. This should take into 
account the effect of five environmental and two personal  variables:  
 
DBT  dry bulb temperature  
MRT   mean radiant temperature 
RH   relative humidity 
v     air velocity, as well as    ( )*ETam ps5.0pLRiwOT*ET ×−×××+=  
met   metabolic rate and    where LR is the Lewis relation    
clo   clothing. 
  
The calculation of ET* is not easy, as it involves not only skin wettedness (w) (that is a function of v) and permeability 
of clothing (im), but also a circular definition: vapour pressure at the ET* (psET*) which is yet to be found. The 
psychrometric graph representation varies with these. However, Gagge et al. (1986) suggested that met and clo are 
reciprocally related, thus an increase in met can be compensated for by a reduction of clo. Thus a set of ET* 
isotherms constructed for (say) sedentary work (1.25 met) with 0.57 clo will also be valid for the combinations shown 
in Table 1. These were named SET (standard effective temperature) -  a sub-set of ET* (Fig.2). Later I suggested 
accepting this and also devised a simple empirical method for calculating and constructing such SET isotherms 
(Szokolay, 2001).  
 
The neutrality temperature expression of Auliciems (1981) is adopted: Tn = 17.6 + 0.31 x Tm   (where Tm is the 
monthly mean outdoor temperature) and the limits of acceptability as ± 2.5 K, all in terms of SET.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2: The psychrometric chart with SET isotherms superimposed 
 
From the above list of variables DBT and MRT can be combined in OT (operative temperature) by the simple 
expression 

cr

cr

hh
DBThMRTh

OT
+
+

=        where hr and hc are radiative and convective surface conductances respectively 

If, as a function of OT (on the horizontal axis) this SET is adopted, then RH is also recognised. The variables met and 
clo are ‘standardised’ (cancel out). The remaining item to be considered is v, air velocity. The question is what is the 
apparent cooling effect of air movement and what velocities can be generated by cross-ventilation? 
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CSIRO was then commissioned to produce a program for calculating air flow through a house, for inclusion in 
NatHERS. The project was administered by AGO (the Australian Greenhouse Office). The work has been completed 
by 2004 and the package was re-named AccuRate. It had been recognised that fans (esp. low powered ceiling fans) 
can be relied on to generate  air movement, but this opened up another question: what air movement is produced by 
such fans? 
 
Table 1 
SET, standard effective temperature 
 
1      met    with                0.67  clo 
1.25   0.57 
2   0.39 
3   0.26 
4   0.19 
 
 
2. APPARENT COOLING EFFECT 
A study has been carried out for AGO, which consisted of a survey of relevant existing information, its collation and 
comparison. This was an extension of earlier work I presented in PLEA 2000. 
 
Some 28 reported sets of results have been compared. Most of these examined velocities up to 1.2 – 1.5 m/s, with a 
few extending this range to 2 m/s. Some reported the elevated comfort limits (oC) in the presence of air movement, 
others the apparent cooling effect, dT (K). The results of 12 selected studies were brought to a common format and 
are summarised in Table 2 as well as shown in a graphic form in Fig.3. 
 
Table 2:   The apparent cooling effect of air movement 
 
         v =0.5 1 1.5 2 m/s author    function fitted 
 
1 1.6 K 3.4 K - - Drysdale 1952   dT = 3.6 x (v - 0.05) 
2 3 6.3 - - Drysdale 1975   dT = 6.7 x (v – 0.05) 
3 0.5 1.6 2.63 K 3.7 K Rohles et al. 1974  dT = 2.09 x (v – 0.24) 
4 2.25 4.5 - - Rohles et al. 1983  dT = 4.5 x v 
5 0.9 2.7 4.5 6.3 ASHRAE st. 55 - 1981  dT = 3.6 x (v – 0.25) 
6 1.65 2.8 3.6 - ASHRAE st. 55 - 1992  dT = -1.9755 v2 + 6.0502 v –1.0829 
7 1.5 3.6 5.3 6 Arens et al. 1981, at 50% RH dT = -1.2648 v2 + 6.1661 v –1.2254 
8 1.7 4.1 5.8 6.5       same at 30% RH dT = -1.5361 v2 + 7.0835 v –1.4704  
9 2 4.9 6.8 7.5 same, psychrometric, at 12 g/kg dT = -1.9938 v2 + 8.6097 v - 1.7074 
10 2.9 4.8 6.1 6.5 Khedari et al. 2000  dT = -1.2547 v2 + 5.7631 v +0.2426 
11 1.6 2.9 3.7 4 Smith & Tamakloe 1970 (ET Nom.) dT = -1.1265 v2 + 4.445 v – 0.4019 
12 2.48 3.4 - - Nicol 2004   dT = 1.4845 Ln(v) + 3.4556 
 
totals 22.0 45.0 38.4 40.5 
13 1.8 3.7 4.8 5.8 averages 
 
 
Although some start with ‘still air’ (v = 0), most acknowledge that velocities below 0.2 (or 0.25) m/s are unnoticeable. 
The polynomial fit to the average of tabulated values was found to be 
 
dT = 5.9331 v – 1.2844 v2 – 1.0136          … eq.1) 
and this is shown in Fig.3 by a heavy line 
 
Note that in the earlier paper (Szokolay, 2000) the concept of ‘effective velocity’ (ve) was used in the suggested 
function 
 
dT = 6 ve – 1.6 ve

2           … eq.2) 
where ve = v – 0.2, and which gives practically the same result as eq.1 above. 
 
Velocities up to 1.5 m/s should only be considered, partly because of secondary annoyance effects, partly as the 
curves flatten out beyond this limit. Up to this limit even a simple linear function gives acceptable results (line 14 in 
Fig.3) 
 
dT = 3.2 v            … eq.3) 
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Figure 3: Comparison of 12 functions for air movement cooling effect 
  apparent cooling effect (K) versus air velocity (m/s) 

(see Table 2 for legend to curve numbers) 
 
Results of the three equations are compared in Table 3. 
 
Nicol (2005) subsequently thought that the values for curve 13 are too high. He proposed the function 
 
dT = 1.4845 Ln(v) + 3.4556  (see curve 12 in the graph above)       … eq.4) 
 
The last line of the Table below gives his reported numbers for 0.5 and 1 m/s, (his values for low velocities are 
actually higher than the above) with the last one found from his function (eq.4). 
 
Table 3:  Summary of dT values 
 
         v = 0.5 1 1.5 m/s 
 
eq.1  1.8 K 3.7 K 4.8 K 
eq.2  1.6 3.8 5.1 
eq.3  1.6 3.2 4.8 
 
eq.4  2.48 3.4 (4.06) 
 
 
3. FAN OUTPUTS 
Data for air velocities and flow patterns produced by fans are few and far between. These are quite difficult to 
measure. as the flow is turbulent and fluctuating so rapidly that an ordinary electronic anemometer could not be read 
reliably. A meter including a ‘time constant’, i.e. an integrating facility is the only one useable. 
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For air flow distribution the only Australian diagram found repeated in several publications  (e.g. Saini 1970) is 
attributed to Wickham, but the original cannot be traced (Fig.4). Williamson et al. (1989) showed a similar diagram. 
We attempted to generalise from these, supported by a series of other publications and our measurements.. 
 
The following terminology has been proposed: 
 
work plane (WP): the horizontal plane at a level at which the measurements are taken and velocity pattern is shown 
on plan. This may be 0.2 m above bed level in a bedroom, or in a lounge-sitting area at 0.9 m above the floor, or at a 
desk (work station) or dining table 1.1 m above the floor. 
 
footprint area (AF): the circle on the work plane corresponding to the swept area of the fan. If the fan’s radius is r (= 
0.5 diameter) then  AF = r2π. 
 
target area (AT):  the circular area primarily served by the fan, taken as of twice the above radius AT = d2π 
 
representative velocity (vR): vertical air flow velocity averaged within the footprint area and in time (smoothing the 
fluctuations) 
 
volume flow rate (vfr): is the above times the footprint area: vfr = vR  x AF (m3/s or L/s) (most American literature 
gives the fan output in these terms, in CFM) 
 
horizontal velocity (vh): one difficulty is to decide where to take the velocity that can be used to calculate the 
apparent cooling effect (dT). Following the often used sectional flow distribution pattern (Fig.4) it is assumed that the 
vertical vfr is turned into a horizontal radial flow, just above the work plane. A ring ( cylindrical area AR of the ring) at 
the perimeter (p) of the target area, taken as 0.3 m high is: AR = 2 d π x 0.3 and the vfr is assumed to be distributed 
over this area to give the horizontal velocity  (Fig.5) 
 vh = vfr / AR
 
 
 
 
 
 
 
 
 
 
 
 
 
        
 
 
 
 
 

Figure 4: Air flow distribution from a ceiling fan (after Wickham / Saini) 
Note that 1 FPM = 0.005 m/s thus the 500 FPM shown corresponds to 2.5 m/s 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5: Air flow distribution pattern assumed 
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From published results reinforced by measurements taken, the representative velocity, vR of 1.33 m/s was suggested, 
regardless of fan size. Table 4 shows the results thus produced, step-by-step, arriving (from eq.1) at a value for dT to 
be used for extending the comfort limit. 
 
Table 4:            Air flow, velocity and cooling effect 
 
fan dia.  AF vfr p AR vh dT 
d  r2π AF vR 2dπ 0.3p vfr / AR 

 
  900mm  0.64m2 0.85m3/s 5.65m 1.7m2 0.5m/s 1.6K 
1200  1.13 1.5 7.54 2.26 0.66 2.4 
1400   1.54 2.04 8.80 2.64 0.77 2.8 
 
One such ceiling fan would serve an activity area, as defined by room usage and furniture. This may vary from a 
double bed (≈ 5 m2), a dining table (≈ 8 m2) or a lounge seating area (≈ 12 m2), but one fan could not serve two such 
areas. Thus it can be assumed that a fan can serve a room of up to 20 m2. If an area greater than 20 m2 is served by 
one fan, then the ‘benefit’ of that fan would be reduced by a factor of  
f = 20/Aroom. 
 
4. BENEFIT OF FANS 
The above derivations include many assumptions and apparent jumps in logic, both at the physical level (velocities, 
areas) and in behavioural terms. It must however be remembered that this not a pure science exercise, a simple 
procedure is needed, for use under conditions of uncertainty, that its purpose is the energy rating of house designs 
and ultimately the reduction of domestic energy use. Furthermore, the aim is not the prediction of actual energy use, 
but it is to ensure that the house, if used correctly, is capable of minimising energy use. In hot climates this means 
primarily the aim of avoiding the use of air conditioning. 
 
It is acknowledged that times are changing. In a survey of households over 30 years ago over the area between Port 
Headland and Nhulunbuy none of the respondents wished for  ‘whole-house’ air conditioning, whilst some 24% 
wanted one air conditioner (most often for the main bedroom). Today in Darwin over 70% of houses have air 
conditioning, at least in one room, although this may only be used for a few hours a day during the ‘build-up’ season., 
mostly at night in the main bedroom. The equipment cost has been drastically reduced, but actual use of air 
conditioning still appears to be a ‘last resort’ – when all else fails. 
 
It would be desirable to shift this threshold by ensuring that the house works well, that it is not (or not much) hotter 
than the outdoors (e.g. by eliminating solar gain with shading and insulation) and that it allows air movement, thus 
extending the upper limit of acceptability. This would mean that the house is designed for cross-ventilation, but it is 
also fitted with ceiling fans to generate air movement when there is no breeze. 
 
This is reflected by the operational strategy outlined at the EMTF workshop in Brisbane and embodied in AccuRate 
which is discussed in another paper. 
 
5. A CASE STUDY 
A house in Townsville designed by a well-known local firm of architects (the ‘P-house’) has been visited on a hot 
February day. Fig. 5 shows the plan and Fig.6 the view of the living (daytime) pavilion. No measurements were taken, 
but it was found to be quite pleasantly cool. When asked about air conditioning, the owner replied: “I wouldn’t touch it 
with a barge-pole”. The house had no air conditioning. The architect was concerned that the house received only a 
1.5-star rating from a NatHERS assessment. When full ventilation was allowed for, it received a rating of 3.5 stars 
from an AccuRate assessment (see Table 5).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
             
        Figure 6: View of the garage and ‘living’ pavilions from the S/E 

 

 
 Figure 5:     Plan of the ‘P’ house 
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When the installation of 3 ceiling fans was recognised, the rating went up to 5 stars. (The maximum rating would be 
10 stars.) 
 
The metal roof was uninsulated. It had a ventilation outlet at the apex. If an R2 insulation were assumed to be added, 
the rating would increase to 5.5 stars without fans and to 6.5 stars with the 3 fans. 
 
If the original elevated timber floor were replaced with a concrete slab-on-ground floor, this 6.5 would increase to 7.5 
stars. Table 5 is a summary of these ratings, including the specific energy demand (energy intensity) values. 
 
Table 5: Ratings achieved by the ‘P-house’.  
 
1)   original, with minimum ventilation 1.5 stars 93 kWh/m2y 
2)   with ‘open’ operation, full ventilation 3.5 67 
3)   same + 3 ceiling fans  5 59 
4)   R2 roof insulation added (no fans) 5.5 54 
5)   same + 3 ceiling fans  6.5 47 
6)   same + concrete slab-on-ground floor 7.5 43 
 
This highlights an interesting problem: why does the house receive only 5 stars out of 10, when it ‘feels’ cool? One 
reason may be the fact that the house is surrounded by a pleasantly green garden, which also blocks the low-angle 
sun. This cannot be recognised by the rating program. There is also an adjacent shallow ornamental pond, which, 
together with the plants, would give an evaporative cooling effect, which is not reflected in the program. 
 
It  can  be  seen  from  the  above Table 5,  that the cross ventilation gives an improvement of 2 stars,  or 26 kWh/m2y 
(93 to 67 kWh/m2y), the fans would give a further improvement (from line 2 to line 3) of 1.5 stars or 8 kWh/m2y. It is 
this last item which could be taken as the ‘benefit’ of the fans, i.e. the saving of 8 kWh/m2y of air conditioning load. 
This pavilion of the  house is of some 60 m2 floor area, so the annual saving attributable to the fans would be some 
480 kWh. If the fan power and latent load are added, the total would be some 1.5 times this, but  if the overall CoP of 
the system, with short runs of intermittent operation would not be better than 1.5, then the electrical load would also 
be 480 kWh. The price of electricity is now about  $0.15/kWh, so the monetary saving would be some $72 in a year.  
 
It is worth noting that (using the same logic) the ‘benefit’ of open operation (natural ventilation), from line 1 to 2, is 
much greater, some 26 kWh/m2y, i.e 1560 kWh/y, or in money terms $ 234. 
 
It must be mentioned here that there is a considerable confusion regarding the term ‘ventilation’. It is somewhat 
unfortunate that the same term is used for three distinctly different purposes: 
 
1 supply of fresh air, removal of CO2 and other waste products; this requires only a small rate, 4 – 12 L/s.pers 
 (1-3 air changes per hour) 
2 heat removal, when To < Ti; this requires a larger air exchange, the heat removal rate (in watts) being  
 Qv = 1200 x vr x ∆T  where vr is in m3/s 
3 physiological cooling, i.e. heat removal from the skin; for this the criterion is air velocity at the body surface, 
 rather than a volume flow rate. 
 
Generally there is an order of magnitude increase in demand for air flow at both steps. The ‘stack effect’ may be able 
to satisfy the first of these, it may assist in the second, but the last one can only be achieved by a sensible air flow 
produced by a good cross-ventilation or by mechanical means: fans.  
 
In another extensive simulation study a simple ‘test hut’ type building of 40 m2 was used as the vehicle for examining 
some 128 permutations of a series of variables. The addition of 2 ceiling fans reduced the air conditioning load by 
between 7 and 12 kWh/m2y. The larger number occurred with the thermally very poor variants, but even for the best 
one the annual energy use was reduced by 7 kWh/m2y. The above case study (the ‘P’ house) with the 8 kWh/m2y 
improvement due to fans is well within this range. 
 
CONCLUSION 
If SET (standard effective temperature) is adopted as the measure of comfort, this will incorporate DBT, MRT and RH 
effects and will be valid for a range of activity (met) and clothing (clo) combinations. Air velocity remains the only 
outstanding factor of thermal comfort.   
 
It has been established (on the basis of numerous published findings) that an apparent cooling effect of 4.8 K can be 
produced by an air movement of 1.5 m/s. It has also been concluded that a ceiling fan can produce a downward air 
flow (averaged over the footprint area) of 1.33 m/s and that this does not depend on fan diameter. This will however 
produce differing horizontal velocities at the perimeter of the target area (that can be taken into account for regulatory 
purposes for a room area up to 20 m2) of 0.5 to 0.77 m/s, that would produce an apparent cooling effect of between 
1.6 and 2.8 K. It has been suggested that if one fan serves an area larger than 20 m2, this cooling effect should be 
reduced by a factor  f, where f  = 20/room area.   
 
A case study in Townsville demonstrated that an increase in rating of 1.5 stars can be achieved by fans, 
corresponding to a reduction of air conditioning load of some 8  kWh/m2y.  Another study showed that (in a small test 
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house) ceiling fans can reduce the air conditioning load by 7 – 12 kWh/m2y, depending on its constructional qualities. 
The larger effect occurs with a thermally poor construction. 
 
DISCUSSION 
The term ‘apparent cooling effect’ is used quite deliberately, as the air movement considered does not actually 
reduce the air temperature, but it creates a subjective sensation of cooling, or upward extension of the acceptable 
limit of temperature. The method adopted here includes the following steps: 
1 based on mean temperature of the month Tm, find the neutrality temperature: Tn = 17.6 + 0.31 x Tm  
2 take the upper comfort limit (with still air) as Tn + 2.5 
3 add the ‘apparent cooling effect’  to extend this limit 
4 ascertain the indoor air velocity and allow the appropriate extension of the limit 
5 when the air velocity is inadequate, if fan(-s) are installed, allow the appropriate apparent cooling effect 
 
It has been suggested that this procedure is incorrect, as it is uncertain if there was any air movement when the 
neutrality temperature was established, therefore it should not be taken as ‘still air’ comfort. The counter-argument is 
that  
a) the adopted ‘cooling curve’ does not start at ‘still air’, but at 0.2 m/s. 
b) most of the data used by Auliciems in arriving at the above Tn expression was from temperate climates, 
 thus it is unlikely that any cooling air movement would have been present and ignored  
c) whether this apparent cooling effect is considered as an ‘add-on’ or an extended comfort limit is allowed 
 makes no difference. 
 
I tend to judge such statements in the light of personal experience, whether they ‘stand to reason’. In Brisbane the 
January mean temperature is 25oC, although on average, one day a week it can exceed 32 oC (86th%-ile). The 
neutrality temperature works out to be 25.4 oC. Adding 2.5 K, the upper limit  becomes 27.9 oC. An air movement 
(either a breeze or produced by a fan) of 1.5 m/s extend this to 32.7 oC. This is perfectly acceptable, and I never 
complain about it being ‘too hot’, unless I am exposed to solar radiation or I am under some social constraint and 
have to wear clothing other than my choice.  
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