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SUMMARY  
 
The strategy to be chosen for room air distribution and room air conditioning depends on 
many factors such as air quality requirements, thermal comfort requirements, size and 
distribution of internal loads, geometry, stability requirements, flexibility demands etc. This 
paper gives an overview of different strategies and possible measures to evaluate the strategy 
chosen as well as important factors to take into account when designing a system. 
 
 
INTRODUCTION 
 
Ventilation is needed in order to provide good indoor air quality and should of course not 
jeopardise the thermal climate. Depending on the loads of pollutants and/or heat, different 
ventilation flow rates are needed. How the air is supplied and the air flow pattern within the 
ventilated space is also of great importance for the indoor climate.  
 
In naturally ventilated buildings buoyancy and wind are the only driving forces. The 
importance of the positions of the supply and exhaust openings in order to ventilate the whole 
room and avoid draught was already pointed out by Rietschel [1]. One example can be seen in 
Figure 1 where the supply openings are positioned at the upper parts of the walls and the 
position of the exhaust openings are variable, in the upper or lower parts of the wall. In the 
heating mode when warm air is supplied, the lower openings are opened so that the 
ventilation air has to traverse the room. In the cooling mode the air supplied is colder and 
moves downwards due to its negative buoyancy, thus the exhaust openings in the upper part 
of the walls are opened in order to make use of the air. 
 
Rietschel also pointed out the influence of the secondary airflows always present. These 
emanates from heat sources in the room such as radiators, lighting, persons etc, downdraft at 
cool windows and outer walls. Secondary air flows are also created by the supply air through 
entrainment and when cooler air is supplied above warm air. 
 
With mechanical ventilation the ventilation air flow rate can be increased to a much larger 
value than with natural ventilation, large airflows are however not enough to ensure good 
ventilation.  
 
Among the first to present a study of the influence of the positions of the supply and exhaust 
devices on the ventilation efficiency were Rydberg and Kulmar in 1947 [2]. The study was 
made at model scale in a water model with the position of the devices as the only parameter. 
They stated that the ventilation efficiency, defined as the concentration in the exhaust air in 
relation to the mean concentration in the room varied between 0,70 to 1,12.  
 



 
Figure 1. Position of supply and exhaust air devices in a naturally ventilated building, 

Rietschel [1]. 
 

     
Figure 2. Some examples of the influence of the position of the supply and exhaust devices 

on the ventilation efficiency, Rydberg and Kulmar [2]. 
 
In 1956 Straub et al [3] presented a study of principles of room air distribution with different 
supply air devices, the study was limited to supply air devices used for mixing ventilation and 
gives a good overview on what should be taken into account when choosing the supply device 
and where to put the exhaust device.  The results are also presented in ASHRAE Handbook 
[4]. 
 
HOW TO EVALUATE THE SYSTEM? 
 
A good indoor climate can partially be defined by the gas, particle or temperature distribution. 
These distributions can be described by the contaminant removal effectiveness, CRE, and the 
temperature effectiveness.  
 
But the indoor climate is also depending on the air velocity and the temperature gradient. 
According to ISO 7730, [5] the velocity in the occupied zone must be below 0,25 m/s in the 
winter time and below 0,15 m/s in the summer time and the vertical temperature differences 
from ankle to head should be less then 3 °C. The effective draught temperature presented by 
Rydberg and Norbäck in 1949 [6] is a base for the Air Diffusion Performance Index used in 
ASHRAE Handbook [4] to evaluate the air diffusion. 
 



The CRE, cε , [7] is a measure of how quickly an air-borne contaminant is removed from the 
room. It is defined as  
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where ec  is the steady state concentration of contaminant in the exhaust air, c  the steady 
state mean concentration of the room and sc  the steady state concentration in the supply air. 
This definition is the same as that presented for ventilation efficiency by Rydberg and Kulmar 
[2]. Sometimes the average concentration in the occupied zone is used instead of the mean 
concentration of the room. In a fully mixed situation the concentration in the exhaust is the 
same as in the whole room, which gives CRE equal to 1. In other cases CRE may differ from 
very small values to very large ones depending on the position of the contaminant source and 
the air flow in the room. 
 
When the contaminant source is not uniformly distributed, the position of the source highly 
influences the CRE value and a high value is not sufficient to show that the ventilation system 
works satisfactorily in ventilating the whole room, see Figure 3. The upper two figures in 
Figure 3 show the steady state mean concentration of the room and the steady state 
concentration in the exhaust for two cases when a mixing ventilation system is not working 
the way it should, although the left upper figure gives a better CRE than obtained in mixing 
ventilation due to the position of the contaminant. The lowest figure shows the concentrations 
with a proper working mixing ventilation system. 
 

ec

ecc <

ec

ecc >

 

ec

ecc =

 
Figure 3. Steady state mean concentration in the room and steady state concentration in the 

exhaust in three different situations. No contaminant in the supply air. [7] 



Figure 4, left shows a displacement ventilation system where the supply air temperature is too 
high and Figure 4, right a system with a suitable temperature to achieve displacement 
ventilation. 
 
The steady state concentration of contaminant in the exhaust air is dependent only on the 
release rate of the contaminant S, the ventilation flow rate qv and the concentration in the 
supply and can be calculated by 
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Figure 4. Steady state mean concentration in the room and steady state concentration in the 

exhaust with a displacement ventilation system. Left, with a short-circuit due to too 
warm supply air and right a proper working system. [7] 

 
When the layout of the contaminant sources is unknown or flexibility is wanted the CRE is 
not enough to evaluate a system. In these cases the air change efficiency, aε , is a better 
measure. This measure is based on the age of air concept introduced by Sandberg [8]. The air 
change efficiency [7] is a measure of the ability of a system to exchange the air in the room. 
 
The shortest possible air change time for the air in the room, τn, only obtained in piston flow, 
is always equal to the local mean age of the air leaving the room, see Figure 5. 
The average air change time, rτ , is directly related to the room mean age of air, τ . Figure 5 
shows the room mean age of air for four different types of airflow. The average air change 
time for all the air in the room, rτ , is equal to twice the room mean age, ττ ⋅= 2r . 
 
The air change efficiency, aε , is defined as the ratio between the shortest possible air change 
time for the air in the room, the nominal time constant ,τn, and the average air change time, 

rτ . The definition of the air change efficiency can also be explained as the ratio between the 
lowest possible mean age of air τn/2 and the room mean age of air τ . 
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Figure 5. Room mean age of air τ  and local mean age of air in the exhaust τn for four 

different types of airflow. [7] 
 
The upper limit for this efficiency is 100 %, which occurs for ideal piston flow. The air 
change efficiency for different flow conditions in a room is compiled in Table 1. 
 
Table 1 

Flow pattern Air change efficiency, aε  
Ideal piston flow 100 % 
Displacement flow 50 % ≤ aε  ≤ 100% 
Fully mixed flow 50 % 
Short-circuit flow ≤ 50 % 

 
The temperature effectiveness can be defined in a similar way as the contaminant removal 
effectiveness:  
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HOW TO CLASSIFY AIR DISTRIBUTION AND CONDITIONING METHODS? 
 
Rom air distribution is characterizing how air is introduced to, flows through, and is removed 
from spaces [4]. Room air conditioning is the control of certain environmental conditions 
including air temperature, air motion, moisture level, radiant heat energy level, dust and 
various pollutants in spaces [9]. 
 



When talking about different ventilation systems commonly used notions are: mixing 
ventilation, displacement ventilation and piston flow. Many times these notions are also 
understood as the air distribution i.e. the air flow pattern within the room as well as the room 
air conditioning strategy.  How should we then make the distinction between the notions?  
 
Etheridge and Sandberg [10] classifies the air distribution methods as the ways of controlling 
the air distribution within a ventilated room in momentum (jet) controlled air distribution and 
buoyancy (thermally) controlled air distribution and separates the latter into two subgroups; 
controlled by buoyancy of the supplied air and controlled by buoyancy of internal sources. 
Further they divide the air flow pattern in the room into three ideal forms; unidirectional flow, 
complete mixing and short-circuiting and point out that the air flow pattern within a room 
many times is a mixture of the three ideal air flow patterns. The same air flow pattern can be 
achieved by different air distribution methods. Unidirectional flow may for instance be 
obtained both with jet controlled or thermally controlled air distribution methods. ASHRAE 
Handbook [4] classifies room air diffusion methods as mixing systems, displacement 
ventilation, unidirectional airflow ventilation, underfloor air distribution systems and task 
ambient conditioning.  
 
In [11] Fitzner classifies the air distribution in rooms in three types of airflow patterns in 
ventilated rooms; piston flow, displacement flow and mixing flow. He presents a good survey 
of the performance and limitations for different systems. Piston flow e.g. which requires very 
large air flow rates, and mostly is used in clean room applications where it covers the whole 
room or in operating theatres or clean benches where it covers only parts of the room, easily 
becomes unstable if the Archimedes number is too large (Ar >4-13 for downward flow and Ar 
>200-300 for upward flow). The different fields of application for mixing flow and 
displacement flow presented by Fitzner are shown in Figure 6 and 7. The limits for the mixed 
flow region in Figure 6 are based on tolerable air velocities on the right and on the maximum 
temperature differences between the room and the supply air on the left.  
 

Figure 6. Field of application for mixing 
flow. (Fitzner [11]) 

Figure 7. Field of application for displacement flow. 
(Fitzner [11]) 

 
 
 
 



As can be seen from the references above there is a mixture in the classification, mostly the 
room air distribution methods are used to describe also the room air conditioning strategies.  
Hagström et al [12] suggested a new approach for the room air conditioning defining four 
strategies; piston, stratification, zoning and mixing and suggested that the room air 
conditioning design and evaluation should be according to figure 8.  
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Figure 8. The room air conditioning design and evaluation process (Hagström et al. [12]) 
 
The classification is based on temperature and contaminant distribution and the air flow 
patterns that can be created within the room. The methods that influence the resulting 
condition together with processes and disturbances inside the room are presented in table 2 
[12]. 
 
Table 2.   Examples of room air distribution, heating and cooling methods [12]. 
Air distribution methods Exhaust methods Heating methods Cooling methods 
Vertical supply 
Concentrated air jets 
Low impulse air supply 
Inclined jets 

Local 
General 
Mixed 

Convective 
Radiative 
Mixed 
Local/General 

Supply air cooling 
Convective 

Active, e.g., fancoils 
Passive, e.g., ceiling baffles 

Radiative 
 
The classification used by Hagström et al [12] is presented in Table 3. 
 
It should be emphasized that the temperature and contaminant distribution are not always the 
same, the contaminant distribution is much depending on where the contaminant sources are 
located. In piston flow the contaminant distribution looks like in Table 3 only with a 
homogenous source distribution and might look like in figure 9 with other locations of the 
source. With stratification present the contaminant distribution can be like in figure 10.  
 
 
 
 



Table 3.  Ideal room air conditioning strategies [12] 
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Figure 9. Contaminant distribution in piston 

flow 
Figure 10. Contaminant distribution with 

stratification  
 
HOW TO CHOOSE? 
 
A good overview of the pros and cons and the design criteria for the different strategies and 
solutions are given by Hagström et al [12].   
 



When choosing the air distribution and conditioning method Computational Fluid Dynamics 
(CFD) is often used to evaluate different solutions predicting the contaminant and temperature 
distribution. Modelling and numerical errors are inherent in such studies and must be 
considered when the results are presented. It is e.g. important that users of a CFD program 
have experience in the handling of boundary conditions as e.g. description of a supply 
opening, heat transfer etc. Sørensen and Nielsen [13] have addressed the problems of quality 
control. With its limitations CFD is e.g. good for predicting the ventilation effectiveness, 
contaminant distribution around persons and local mean ages of air [7]. 
 
One problem when choosing an air distribution system is that the air distribution in rooms 
many times is of a more or less stochastic type, very small changes might change the outcome 
to a very large extent. The convection flows both at the walls and from different heat sources 
has a large influence. As an example is shown two measurements from Malmström and 
Öström [14], tracer gas concentrations were measured at different positions in a room during 
a step-up procedure, the tests were supposed to be identical and the evaluation was made with 
a two-zone model. The exhaust device was positioned in the region between the upper and 
lower zone and the supply in the upper zone. As can be seen in figure 11 a short-circuiting 
flow is obtained in the figure to the left giving a very low air exchange in the lower region, in 
the figure to the right a much better air exchange is reached. The explanation to the difference 
is that the temperature on the wall, where the supply and exhaust devices were positioned, 
was slightly raised. The raise was only a few tenths of degrees in the figure to the right, but 
this raise was enough to supply more air from the lower part to the exhaust device. 
 

 
 
Figure 11. Tracer gas concentration in two different tests [14] 
 
A detailed full-scale experimental study like the one presented by Qian et al [15] on the 
dispersion of exhaled droplet nuclei in a two-bed hospital ward with different ventilation 
systems gives a very good understanding of the influence of different parameters on the air 
flow pattern and the contaminant distribution. They conclude that a downward ventilation 
system with 4 ACH gives almost the same result as a mixing ventilation system and not the 
ideal downward laminar flow (piston strategy) expected. They also conclude that with 



displacement ventilation the contaminant may be locked in at a certain level in the room and 
therefore do not recommend the use of displacement ventilation in hospital wards. Although 
thorough studies like this cannot be made before every choice of different systems and 
strategy due to the cost, the choice of a system must be based on knowledge about the 
influencing factors.  
 
The stratification strategy which mostly is thought to be obtained with displacement 
ventilation might be easily changed if e.g. a cooled ceiling is installed, the temperature 
gradient always present in a displacement ventilated room with stratification flow is then 
destroyed and the stratification turns into mixing, see figure 12. Also the contaminant 
distribution, which in a displacement ventilated room with stratification flow mostly looks 
like the zoning strategy, turns into the distribution obtained in the mixing strategy. With a 
relative cooling load from the ceiling below 0,6 a stratification/zoning strategy may be kept. 
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Figure 12. Vertical air temperature distribution in a room with cooled ceiling [16] 
 
The contaminant distribution in stratification/zoning strategy might be quite different in 
different positions in the room and fluctuating as pointed out by Mundt [17] and is also highly 
influenced by the position of the people present and disturbances such as opening doors.  
 
The energy aspect always has to be taken into account when choosing a strategy, e.g. with 
stratification strategy the supply temperature is mostly higher than with mixing strategy, this 
means that free cooling can be used for a longer period, as illustrated in figure 13. 
 
Other import factors to consider are: can the strategy be fulfilled without any mechanical air 
distribution methods or with a hybrid system, is there a demand for flexibility, which control 
strategy is to be used, are the thermal masses in the building to be used for heat accumulation? 
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Figure 13. An example of the free cooling potential with different strategies [16]. 
 
Mostly measurements are made under steady state conditions but people moving around are 
of course influencing the distributions.  The influence of people moving around on the 
performance in a displacement ventilated room has been studied by Mattsson [18] and the 
influence of  a person walking around on the resuspension  from the floor of particles  by 
Mundt [19], see figure 14. Two different types of particle counters were used (Ptrak and 
Grimm) with different size ranges. The difference between the two types gives the number 
count for small particles 0,02 to 0,25 μm i.e. the ultrafine particles hazardous to the health. 
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Figure 14. Displacement ventilation. Particle concentration before, during and after a person 

entered the room, walked around for 5 minutes and then left the room. The 
particles were measured on the sitting person (SP) at the table and the simplified 
sitting person (SSP) with three particle counters. 



DISCUSSION 
 
The strategy to be chosen for room air distribution and room air conditioning depends on 
many factors such as air quality requirements, thermal comfort requirements, size and 
distribution of internal loads, geometry, stability requirements, flexibility demands etc. as 
pointed out in this paper.  
 
To make the distinction between the room air distribution method and the room air 
conditioning strategy is important, e.g. choosing displacement ventilation as air distribution 
method does not ensure stratification. Without an understanding of the factors influencing the 
room air conditioning the design of a system might give an unexpected result.  
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