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ABSTRACT 

Experimental evaluation is one of the means that allow thorough investigation of the indoor 
environment in a room. Providing that the measurement procedures are correct and that the 
investigator has the necessary experimental equipment available, experimental measure-
ments can provide results with high accuracy and under well defined boundary conditions, 
which can be further verified by field measurements or used for validation of a computer 
simulation. A set of experimental studies of air distribution, ventilation effectiveness and 
thermal environment were carried out in a simulated room heated/cooled and ventilated by 
different concepts, at various boundary conditions, differing in supply air temperature, floor 
temperature, simulated heat gain/heat loss, nominal air change rate and positions of air ter-
minal devices. The experimental room simulated corresponds to a residential room or a sin-
gle office room located in a low-energy building. Procedures and indicators that can be suc-
cessfully used for experimental investigations of indoor environment are described and a 
sample of measured data is reported. 

1. INTRODUCTION 

1.1 ENERGY POINT OF VIEW 

All-air and radiant systems are two important, but not the only heating/cooling and ventila-
tion solutions for low energy buildings. There are studies indicating that radiant systems out-
perform all-air systems in terms of energy (Babiak et al., 2007; Fabrizio et al., 2010), 
whereas other studies suggest that using an all-air system is a viable solution, especially for 
very low energy houses (Feist et al., 2005). However, in buildings, where the heating de-
mand is very low, the differences in energy consumption between different alternatives of 
heating/cooling and ventilation systems may become small and other factors than energy 
consumption may become more important for the choice of suitable HVAC system. One very 
important factor is the quality of the indoor environment.  

 

1.2 INDOOR ENVIRONMENT POINT OF VIEW 

One of the current trends in design and operation of systems for air conditioning of the in-
door environment is separation of the functions of creating thermal comfort in winter period 
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(covering heat loss by a heating system), creating thermal comfort in summer period (elimi-
nation of heat gains by a cooling system), as well as ensuring the necessary air change by 
means of natural ventilation, mechanical ventilation or their combination. Air conditioning 
systems transferring the heat/cold by convection and ventilating the space at the same time 
are being substituted by systems, where most of the heat is transferred by radiation, cou-
pled by a separate ventilation system supplying the amount of air necessary to fulfil hygiene 
requirements. Therefore, applications with low temperature radiant heating and high tem-
perature radiant cooling in combination with mixing, displacement or personalized ventilation 
are considered as progressive systems. For such combined systems the thermal environment 
and air distribution patterns may be different from when the systems are operated as single. 
When properly designed, combination of different heating/cooling and ventilation systems 
can take advantage of the positive characteristics of the respective systems and create a 
comfortable thermal environment with a very good indoor air quality. However, when not 
applied properly, using of such systems may lead to thermal discomfort and short-circuit air-
flow patterns. This trend is opposed by the philosophy of using only one system for both 
ventilation and heating/cooling at the same time. Such a concept might lead to operation 
energy savings and lower investment costs, but the potential risk of such systems is repre-
sented mainly by the fact that the ventilation effectiveness depends on the position of the 
supply and extract air terminal devices and on the difference between supply and room air 
temperature, so when the ventilation air is warmer than the room air, the ventilation effec-
tiveness can be as low as 0.4, where 1 represents complete mixing (CR 1752, 1998). The 
present paper deals with experimental measurements, which can be employed as a tool to 
evaluate different ventilation concepts at various boundary conditions and to help obtain in-
formation on thermal environment and air distribution patterns created by these systems. 

2. INDOOR AIR QUALITY INDICATORS 

2.1 THERMAL ENVIRONMENT 

2.1.1 Temperature effectiveness 

Knowing the air temperature in the occupied zone, in the supply airflow and in the exhaust 
airflow it is possible to calculate the temperature effectiveness as: 

 

 εt = (te – ts) / (ti – ts)             (1) 

 

where te is the exhaust air temperature, ts is the supply air temperature and ti is the mean air 
temperature in the occupied zone. With values of εt lower than 1 the supply air temperature 
must be increased when heating in order to obtain the required room temperature. Reported 
temperature effectiveness refers to 0.6 m above the floor at the occupied zone, representing 
the human body mass balance of a sitting person. However, the temperature effectiveness is 
a valid indicator only in case when the room is heated/cooled by the supply air. 

 

2.1.2 Manikin-based equivalent temperature 

Manikin-based equivalent temperature (teq) was used to evaluate possible discomfort due to 
non-uniform thermal environment and local cooling of certain body parts. It can be inter-
preted as the temperature that a person would sense on various body parts in the actual en-
vironment. A thermal manikin in sitting posture during experimental measurements is shown 
in Fig.1.  
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Fig. 1 Thermal manikin simulating internal heat gains and measuring equivalent tempera-
tures. 

 

The manikin can be operated in a comfort equation mode, in which the heat supply to par-
ticular body segments is maintained equal to the heat loss from that segment, in order to 
maintain thermal neutrality. The thermal manikin cannot simulate the latent heat loss, so this 
value cannot be measured directly. The relation between the total heat loss and sensible 
heat loss is obtained assuming a vapour pressure of 1.5 kPa, equivalent to typical indoor 
conditions at 24 ºC and relative humidity of 50 %. The sensible heat loss Qs can be derived 
from the power supplied to the body segments. The skin temperatures of the body seg-
ments, tsk,i, are then calculated using the following equation:  

 

 tsk,i = 36.4 – 0.054 . Qs,i                     (2) 

 

while teq is calculated for i body segments as: 

 

 teq,i= tsk,i– Qs,i/ hcal,i                      (3) 

 

where hcal,i is the heat transfer coefficient for a body segment, determined from calibration in 
a uniform thermal environment. 

 

2.1.3 Draught rating 

Draught rating (DR) can be determined from measured air temperatures, mean air velocities 
and the standard deviations of air velocities according to EN ISO 7730 (2005): 

 

 DR = (34 – ta) . (v – 0.05)0.62 . (0.37 .v .Tu + 3.14)                  (4) 
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where ta is the local air temperature in °C, v is the local mean air velocity in m/s and Tu is 
the local turbulence intensity in %. 

 

2.1.4 Contaminant removal effectiveness (CRE) 

CRE indicates the ability of the room ventilation system to remove air-borne contaminants 
when the position of the contaminant source is known. The CRE can be then calculated as: 

 

 CRE = (ce – cs) / (ci – cs)           (5)             

 

where ce is the contaminant concentration in the exhaust air, ci is the mean contaminant 
concentration in the room and cs is the contaminant concentration in the supply air. At com-
plete mixing the concentration at any point in the room is equal to the concentration in the 
exhaust airflow and the CRE is equal to 1. 

 

2.1.5 Air change efficiency 

ACE is a more general indicator than the CRE and can be used when the position of the con-
taminant source is not specified. One possible way to express ACE is to compare the local 
mean age of air at the exhaust (the nominal time constant) with the local mean age of air at 
a point in the occupied zone. At complete mixing the nominal time constant is the same as 
the room age of air and the ratio is equal to 1. The is then calculated as: 

 

 ACE = / . 100 (%)            (6) 

 

where is the local mean age of air at the exhaust, equal to the nominal time constant, and 
is the mean age of air at a particular point in the occupied zone. The mean age of air at a 

certain point can be defined as the mean transit time, i.e. the time it takes for molecules of 
fresh air to reach the point, plus the mean presence time. There are several methods to de-
termine the age of air, e.g. the tracer step-down (decay) method, pulse method or the tracer 
step-up method. An example to explain the way the mean transit time and the mean pres-
ence time can be determined using the tracer step-up method is shown in Fig.2. In this 
method the tracer gas is continuously released in the supply air duct at a constant rate. The 
release of tracer gas starts at time t=0 and the increase in the concentration is continuously 
recorded at a point in the room and in the exhaust airflow. The mean age of air at a certain 
point is determined from the tracer gas concentration curves as a function of time, using the 
equation:  

                                                           (7) 
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where  is the steady state tracer gas concentration and  is the concentration re-
corded in a step-up experiment. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2 Determination of the mean transit time and the mean presence time using tracer step-
up method. 

3. EXPERIMENTAL MEASUREMENTS 

3.1.1 Measurement procedure 

Measuring positions used in the presented experiment are shown in Fig. 3. The points 
marked with „S“ represent the positions of the air temperature and air velocity sensors, and 
the positions of the measuring points for ventilation effectiveness are marked with „C“. All 
measurements of air temperature, air velocity and tracer gas concentrations were recorded 
under steady-state thermal conditions. The layout of the chamber was considered symmetri-
cal and the measuring points were therefore located only in the half of the room with simu-
lated occupancy. The occupied zone was considered to be between the floor and 1.8 m 
above the floor, about 1 m from the cold window and 0.3 m from the internal walls. During 
the experiments, the room air temperature was controlled based on air temperature meas-
ured at the reference point, located in the middle of the room at 1.1 m above the floor (Fig. 
3). The reference air temperature was 22 °C in winter and 26 °C in summer. Heat loss/heat 
gain was simulated through radiant heating/cooling panels located on one of the walls. In 
the CRE measurements tracer gas was released at a constant rate on the side of the table 
opposite the manikin. The simulated contaminant source was located 1.1 m above the floor 
level. When the tracer gas concentration reached steady state, samples were taken from po-
sitions C1, C2 and C3 at 0.6 m, 1.1 m and 1.7 m above the floor, in order to describe the 
CRE at the occupied zone, and from the exhaust air. 
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Fig. 3 Plan and cross-section of the experimental room. Measurement positions of 
air/operative temperature and air velocity are indicated by a cross, measurement positions of 
ventilation effectiveness are indicated by a circle. 

 

3.1.2 Results for winter conditions 

Sample of the results of experimental measurements for winter period, together with simu-
lated conditions, is given in Tab. 1. In System W1 both supply and exhaust terminal were lo-
cated at the ceiling. In System W2 supply terminal was at the ceiling and exhaust terminal 
was at the floor level. Cases 1 to 3 represent heating and ventilation by warm air supplied in 
the room through a ventilation system.  

 

Tab. 1 Experimental conditions and results of the measurements for winter conditions (Kra-
jčík, 2012). 

System/ 
case 

Nominal 
ACH 
(h-1) 

Calcu-
lated  

heat loss
(W/m2) 

Inter-
nal 

heat 
gains 
(W) 

Supply air 
temp. mi-
nus room 

temp.  
(°C) 

Room 
temp. 
minus 

window 
temp. 
(°C) 

Vertical air 
temp. differ-

ence in  
occupied 

zoneb 
(°C) 

Air temp. 
effective-
ness in 

occupied 
zone at 
0.6m 

CRE  
Manikin at 

1.1mc 

CRE 
C1 at 
1.1m 

CRE  
Occupied 

zoned 

ACE 
C1 at 
1.1m 

Syst. W1            

case 1 0.5 13 90 10.3 3.2 0.8 0.8 0.63±0.01 0.70 0.67±0.05 0.42 

case 2 1.0 13 90 6.2 3.3 0.8 0.8 0.58±0.01 0.62 0.59±0.03 0.45 

case 3 1.5 13 90 6.2 3.2 0.8 0.8 0.62±0 0.77 0.71±0.1 0.60 

case 4a 0.5 13 90 -6.0 3.2 -0.1 - 0.90±0.01 0.97 0.94±0.03 1.00 

Syst. W2            

case 1 0.5 13 88 6.5 3.7 0.7 0.7 0.83±0 0.91 0.86±0.06 1.20 

case 2 1.0 13 89 5.5 3.5 0.8 0.8 0.85±0.04 0.87 0.86±0.1 0.97 

case 3 1.5 13 89 5.6 3.3 0.8 0.8 0.69±0.01 0.83 0.75±0.1 0.77 

case 4a 0.5 13 90 -5.7 3.4 0.0 - 0.93±0.01 0.96 0.94±0.03 n/a 
a) Combination of mixing ventilation and floor heating. 
b) Vertical air temperature difference between 1.7 m and 0.1 m above the floor. 
c) Mean of three measurements at one position (manikin´s breathing zone) ± 95 % confidence limit. 
d) Mean value from one measurement at nine positions (C1, C2 and C3 at 0.6 m, 1.1m and 1.7m) ± standard deviation. 
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The three warm air heating cases differ in the nominal air change rate, when the air change 
of 0.5 h-1 represents the minimum air change required to fulfil the hygiene requirements 
necessary for residential rooms (EN 15251) and the air change of 1 and 1.5 h-1 were chosen 
to investigate the effect of increased air change. Case 4 represents floor heating, assuming a 
balanced ventilation system with heat recovery supplying ventilation air at the temperature 
of 16 °C. 

At small air change rates, for warm air heating the vertical air temperature difference never 
exceeded 0.8 °C. Homogenous thermal environment was also confirmed by the equivalent 
temperatures, when the vertical equivalent temperature difference between head and feet 
did not exceed 2 °C. The vertical air temperature difference was always about zero when 
floor heating was in operation. The air movement increased at around 0.1 m above the floor. 
The air velocity seldom reached 0.1 m/s when the room was heated by warm air and it 
reached values up to 0.15 m/s for combination of mixing ventilation and floor heating. It fol-
lows that the draught rating in the occupied zone was also low and it seldom reached values 
greater than 10 %. 

 

3.1.3 Results for summer conditions 

In Tab. 2 is sample of results of experimental measurements for summer period. In System 
S1 both supply and exhaust were located on the wall, the supply above the exhaust. In Sys-
tem S2 the supply was located on the wall in the upper part in the room and the exhaust 
was located on the wall just above the floor level. Cases 1 and 2 represent floor cooling in 
summer conditions, with supply of fresh warm outside air at 30 °C at 0.5 h-1 or 1.0 h-1, re-
spectively. Case 3 represent floor cooling combined with mechanical ventilation supplying 
cold ventilation air. When floor cooling was combined with warm outdoor air supply, the av-
erage vertical air temperature difference in the occupied zone exceeded 4 °C and the air ve-
locity was very low, up to 0.07 m/s. For both floor cooling systems the results are similar re-
gardless the nominal air change rate. 

 

Tab. 2 Experimental conditions and results of the measurements for summer conditions (Kra-
jčík, 2012). 

System/ 
case 

Nominal 
ACH 
(h-1) 

Calcu-
lated  
heat 
loss 

(W/m2) 

Inter-
nal 

heat 
gains 
(W) 

Supply 
air 

temp. 
minus 
room 
temp.  
(°C) 

Room 
temp. 
minus 

window 
temp. 
(°C) 

Vertical air 
temp. differ-

ence in  
occupied 

zonea 
(°C) 

Air temp. 
effec-

tive-ness 
in 

occupied
zone at 
0.6m 

CRE  
Manikin at 

1.1mb 

CRE 
C1 at 
1.1m 

CRE  
Occupied 

zonec 

ACE 
C1 at 
1.1m 

Syst. S1       

case 1 0.5 25 5.4 4.3 6.6 4.1 0.06 1.15±0.08 0.96 1.10±0.08 0.52 

case 2 1.0 24 5.3 4.4 6.2 4.4 0.07 0.92±0.04 1.02 0.94±0.19 0.70 

case 3 0.5 32 5.1 -7.1 8.5 2.4 0.06 1.08±0.00 0.99 0.96±0.11 0.95 

Syst. S2       

case 1 0.5 23 5.3 3.6 6.1 3.8 0.06 0.78±0.03 0.74 0.74±0.06 1.05 

case 2 1.0 21 5.3 3.7 5.4 n/a 0.07 0.97±0.05 0.98 1.00±0.06 1.12 

case 3 0.5 25 4.9 -7.0 6.6 1.3 0.06 0.93±0.00 0.85 0.83±0.06 1.01 
a) Vertical air temperature difference between 1.7 m and 0.1 m above the floor. 
b) Mean of three measurements at one position (manikin´s breathing zone) ± 95 % confidence limit. 
c) Mean value from one measurement at nine positions (C1, C2 and C3 at 0.6 m, 1.1m and 1.7m) ± standard deviation. 
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4. DISCUSSION AND CONCLUSION 

Referring to Tab. 1, warm air heating and floor heating systems did not show any significant 
risk of thermal discomfort due to vertical temperature asymmetry or draught in the present 
study. The effect of increasing nominal air change on the ventilation effectiveness was found 
to depend on the position of the air terminal devices, and varied between 0.4 and 1.2, where 
1 is complete mixing. When a radiant floor heating system was used, the necessarily cooler 
supply air mixed well and created very uniform conditions with a ventilation effectiveness 
close to 1.  

From Tab. 2 it can be seen that the floor cooling did not show any significant risk of thermal 
discomfort due to draught, but problems with vertical air temperature differences may occur 
mainly when floor cooling is combined with warm fresh air supply. This may no longer corre-
spond to the requirements on comfortable indoor environment. The supply air mixed well 
when the floor cooling system was combined with cold air supply, but the ventilation effec-
tiveness depended on the position of ATDs and on the nominal air change rate when the air 
supplied in the room was warmer than the room air, and the ventilation effectiveness varied 
between 0.5 and 1.3, where 1 is complete mixing. 

A number of indoor environment indicators have been used in the present study that allow 
detailed investigation of the indoor environment, mainly when used for experimental meas-
urements under well-defined boundary conditions. However, to complete the information, 
the experimental measurements of objective indicators should be supplemented by other 
means of investigation, as e.g. field measurements, subjective evaluations or by visualisa-
tions by CFD simulations (using the experimental data for validation). 
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