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Abstract 

 

Design guidelines envisage that floor heating can be used together with displacement ventilation (DV), 

provided that the supply air is not overly heated before it can reach heat and contaminant sources. If this 

is not controlled a mixing flow pattern could occur in the room. The use of floor cooling with DV is also 

considered possible, although draught risk at ankle level and vertical air temperature differences must be 

controlled carefully, because they could increase.  

Few studies on these topics were found in the literature. 

An indoor environmental chamber was set up to obtain measurements aimed at analysing the possibilities 

and limitations of combining floor heating/cooling with DV. Air temperature profiles, air velocity 

profiles, surface temperatures and ventilation effectiveness were measured under different environmental 

conditions that may occur in practice. These values were compared to equivalent temperature 

measurements obtained using a thermal manikin. 

The measurements show that floor heating can be used with DV, obtaining high ventilation effectiveness 

values. A correlation between the floor heating capacity and the air temperature profile in the room was 

found. Measurements showed that floor cooling does not increase draught risk at ankle level, although it 

does increase vertical air temperature differences.  

 

Manuscript

http://ees.elsevier.com/enb/viewRCResults.aspx?pdf=1&docID=1864&rev=1&fileID=88510&msid={75233395-62F8-40AB-BA95-B764461CB664}


Page 2 of 59

Acc
ep

te
d 

M
an

us
cr

ip
t

 

 

Keywords: floor heating, floor cooling, displacement ventilation, DV, thermal comfort, hybrid systems 

 

1. Introduction 

 

Radiant floor heating and radiant floor cooling are becoming common in residential, commercial and 

industrial buildings, because of the comfort advantages and the energy saving opportunities they can 

provide [1- 4]. As there have already been extensive studies of the energy saving potential of the proper 

use of radiant heating/cooling [5-14], the focus of the present paper is on a different and specific topic: 

the thermal comfort and ventilation effectiveness that can be achieved by combining radiant floor 

heating/cooling with displacement ventilation. 

A heating/cooling system must ensure an acceptable thermal environment for occupants both in terms of 

whole-body thermal comfort (PMV, PPD, operative temperature) and in terms of local thermal comfort 

(floor temperature, vertical air temperature differences, radiant temperature asymmetries, draught). 

Radiant floors provide homogeneous thermal conditions inside rooms, reducing vertical air temperature 

differences and radiant temperature asymmetries, because they exchange heat with the surroundings 

(walls, furniture, occupants and air) by radiation and by convection in similar amounts [15].  

The high level of radiant heat transfer between a floor and the occupants and the surrounding surfaces, 

makes it possible to reduce the room air temperature in the heating season and to increase it in the cooling 

season while still maintaining the required level of operative temperature. Ventilation heat losses in the 

heating season and ventilation heat gains in the cooling season are then reduced, ensuring energy saving 

together with a high level of thermal comfort. Furthermore, the draught risk due to cold air movement can 

be reduced by using floor cooling, in comparison with other mainly convective systems, because 

ventilation air can be supplied at a higher temperature [1, 2]. 

When a radiant floor is used, a suitable floor temperature can be maintained (19 – 29 °C), so the use of 

carpets is not necessary. Since carpets have been found to be one of the main pollutant sources in rooms, 

the use of a radiant floor may reduce pollutant levels inside buildings [2]. Radiant floors also generate 

low air movements and consequently low dust movements, further improving indoor air quality [1, 2]. 

With radiant floors, the entire floor area can then be freely used, ensuring an efficient use of space and no 

limitations on architectural design or occupant use. 
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Compared to other radiant systems currently in use, floor heating/cooling has the highest angle factor to 

the occupants. It can therefore provide a high level of thermal comfort with lower surface temperatures in 

the heating season and higher surface temperatures in the cooling season [1, 2].  

An air ventilation system must nevertheless be operated together with a radiant floor, because radiant 

systems cannot provide control of the latent heat load. Additionally, minimum ventilation rates for air 

renewal and indoor air quality are mandatory for commercial and industrial buildings and necessary in 

new airtight residential buildings. 

When comparing ventilation strategies, displacement ventilation is regarded as one of the most interesting 

solutions, because it can provide high air quality levels at the breathing level [16]. By exploiting 

buoyancy forces in the room, displacement ventilation generates a stratified flow pattern: the warm and 

polluted air is concentrated in the upper part of the room, while the cool and clean air remains in the 

lower part of the room where the occupants are located [17, 18]. Displacement ventilation can therefore 

provide ventilation effectiveness values up to 1.4 (or more under laboratory conditions), while mixing 

ventilation provides ventilation effectiveness values only up to 1 [19], even in theory, and in practice fall 

well short of this maximum level, due to short-circuiting.  

The possibilities and limitations of combining radiant ceilings with displacement ventilation have been 

widely studied [20-24]. In contrast, few scientific studies of the possibilities and limitations of combining 

radiant floors with displacement ventilation are available [25, 26]. Radiant floor cooling combined with 

displacement ventilation is used in the new Bangkok airport, whose innovative design concept is 

described in some recent papers [3, 27, 28]. 

Radiant floor heating systems produce thermal environments with low vertical air temperature 

differences, while displacement ventilation produces highly stratified conditions. The main problem 

encountered when combining radiant floor heating with displacement ventilation is the opposite effects of 

the two systems. If the floor temperature is too high it could heat the supply air and make it rise, reducing 

the ventilation effectiveness of the system and producing a mixing flow pattern in the room. Skistad 

demonstrated, using calculations based on an analytical model, that under typical heat demand conditions 

this phenomenon should not occur and supply air should spread normally along the floor [25]. 

The use of floor cooling with displacement ventilation may exacerbate the typical problems encountered 

with displacement ventilation: draught risk at ankle level and discomfort due to the excessive vertical air 
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temperature differences [16]. In the Bangkok airport, under extreme boundary conditions, these problems 

were avoided by using an accurate design process [3, 27].  

The object of the present study was to evaluate, by means of experimental tests, the possibilities and 

limitations of combining radiant floor heating and cooling with displacement ventilation. A typical office 

layout was simulated in an indoor environment chamber equipped with a radiant floor, a wall 

displacement terminal device and eight plastic plates positioned together on a wall to simulate vertical 

cold or warm window surfaces. Air temperature profiles, air velocity profiles, surface temperatures and 

ventilation effectiveness were measured under different boundary conditions and thermal comfort 

evaluations were obtained by using a thermal manikin.  

 

2. Experimental apparatus 

 

2.1 Indoor environmental chamber 

 

The measurements were carried out in indoor environmental chamber nr.5 at the International Centre for 

Indoor Environment and Energy, Technical University of Denmark [29]. 

This chamber and two other chambers were specifically designed for experiments on thermal comfort and 

air quality. It has a net floor/ceiling area of 16.80 m
2
 (4.20 m × 4.00 m) and a net internal height of 2.40 

m, when a radiant floor is installed (Fig. 1). It is situated in a tall experimental hall with a stable, but not 

controlled, temperature. 

The chamber is thermally insulated and it has walls with a heat transmission coefficient of 0.25 W m
-2

 K
-

1
, to minimize heat exchange with the surrounding space. It is equipped with a ventilation system able to 

provide airflow rates between 12 and 170 l s
-1

. The air supplied to the chamber can be heated or cooled in 

the temperature range between 10 and 40°C and the exhaust system maintains a small overpressure in the 

chamber.  

During the measurements, a wall displacement air terminal device was used, positioned on the symmetry 

axis of the chamber. The exhaust air terminal device was positioned approximately in the centre of the 

ceiling. 
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Ten hydronic radiant heating/cooling panels were positioned over the chamber floor, separated from it by 

a layer of insulating boards 50 mm thick. Each panel was constructed to have three layers (listed lower to 

upper): a wooden frame 12 mm thick, an insulation layer 15 mm thick and an aluminium plate 3 mm 

thick. The panels had an internal piping system: the pipes were in contact with the aluminium plate 

through a heat conducting metal foil. The aluminium plates were chosen to have a uniform surface 

temperature distribution and they were painted with a grey opaque overcoat, to obtain a radiant heat 

transfer coefficient typical of other common finishing materials such as stone, ceramic and plastic floor 

tiles. 

During the measurements, the three windows of the chamber, on the left side of the supply air terminal 

device, were covered on the external side by means of insulating boards. A small section of the insulating 

board on the central window could be removed to check measurements. 

In order to simulate heat gains and heat losses due to a glazed façade, eight radiant heating/cooling plastic 

plates were positioned on the wall opposite the supply air terminal device, with a total area of 8.50 m
2
. 

The chamber was set up to reproduce an office: two desks, two chairs, two desk lights and two PCs were 

positioned with a symmetrical layout inside the occupied zone; a thermal manikin and a heated dummy 

were used to reproduce occupant heat loads (Fig. 2).  

 

[place Figure 1 approximately here] 

[place Figure 2 approximately here] 

 

2.2 Thermistor Sensors (TS) 

 

Surface temperatures and air temperatures measurements were carried out using fifty-nine thermistor 

sensors (Crafttemp type). 

The sensors were connected to a single ended relay multiplexer with fifty-nine channels. The multiplexer 

was connected to a data-logger type HP 3852A data acquisition/control unit. 

The sensors used are flat and can therefore be attached so that they have good thermal contact with a 

surface.  



Page 6 of 59

Acc
ep

te
d 

M
an

us
cr

ip
t

 

 

The sensors used for air temperature profiles measurements were attached at several heights to a vertical 

steel bar: 0.03 m, 0.05 m, 0.10 m, 0.15 m, 0.20 m, 0.30 m, 0.60 m, 0.85 m, 1.10 m, 1.40 m, 1.70 m , 2.00 

m, 2.30 m. Each sensor was shielded by a small aluminium layer to minimise the effect of long wave 

radiation exchange. 

The thermistor sensors were calibrated in the range between 15°C and 35°C, in order to assure an 

acceptable accuracy of temperature measurements. After applying the derived software correction the 

accuracy of the probes was ±0.3°C, within this temperature range. 

 

2.3 Anemometers 

 

Air velocity measurements were carried out by means of nine omnidirectional hot sphere anemometers 

(Dantec), attached at several heights to a vertical steel bar: 0.03 m, 0.05 m, 0.10 m, 0.15 m, 0.20 m, 0.30 

m, 0.60 m, 1.10 m, 1.40 m above the floor. The anemometers were connected to a control unit 

multichannel flow analyser (Dantec 54N10). The mean air velocity and turbulence intensity were 

measured using an integration time of three minutes. The anemometers had been calibrated using a 

dedicated wind tunnel in the range between 0.02 m/s and 2.82 m/s, achieving an uncertainty of ±(0.02 + 

0.02 x) m/s, where x is the actual measurement. 

 

2.4 Tracer gas 

 

Ventilation effectiveness measurements were carried out using CO2 as a tracer gas. The gas dosing and 

concentration measurements in the chamber were carried out using a photo-acoustic multi-gas monitor 

(Innova 1312). The measuring device was placed outside the chamber and samples of air were withdrawn 

from the room through small plastic pipes placed inside the chamber at different heights and locations. 

Another pipe was used to release CO2 from the heated dummy, in order to simulate a pollutant associated 

to a heat source (an occupant). The tracer gas concentration measurements were taken in the air supply 

duct, in the exhaust duct, in two positions inside the chamber at several heights and outside the chamber.  

The concentration of the tracer gas was measured also in the hall outside the chamber, in order to 

determine whether any leakage or infiltration could influence measurements. 
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The tracer gas concentration values were evaluated in steady state conditions from the average value of 

ten measurements for each point. 

  

2.5 Thermal manikin 

 

A thermal manikin, composed by seventeen body parts, was used to carry out thermal comfort 

evaluations. The manikin was calibrated and the heat transfer coefficient of each body part was 

calculated.  

Thermal sensation is closely related to the rate of heat transfer between the human body and surroundings 

[30]. By using a thermal manikin it is possible to calculate the equivalent temperature of each body part, 

which is a recognised measure of the effects of dry heat loss from the human body [31, 32].  

When the equivalent temperature values of different body parts are closely similar, a comfortable thermal 

condition exists inside the chamber, as equivalent temperature differences indicate the presence of radiant 

asymmetries, draught or high vertical air temperature differences.  

 

2.6 Smoke generator 

 

A smoke generator was used to carry out smoke tests, in order to visualise the airflow pattern in the 

chamber under different boundary conditions. 

 

3. Experimental programme 

 

3.1 Boundary conditions 

 

Since the chamber layout was symmetrical and the supply air terminal device was positioned on the 

symmetry axis, measurements were made in only half of the chamber, assuming that symmetrical 

conditions would occur on the other half of the room. CFD analyses confirmed this assumption [33]. 
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The assumption of symmetry made it possible to reduce measurement times, because measurements were 

carried out under steady state conditions for nine combinations of boundary conditions with floor heating 

and ten combinations of boundary conditions with floor cooling (Tab. 1, 2). 

Ventilation airflow rates were established according to EN standard 15251 [34]. For a non-low polluting 

building in Category I, the recommended ventilation rate is 3 l s
-1

 m
-2

, while for the same kind of building 

in Category II the recommended ventilation rate is 2.1 l s
-1

 m
-2

. Both of these conditions were studied and 

so ventilation rates of 35 l s
-1

 and 50 l s
-1

 were used. During floor cooling tests a further ventilation rate of 

80 l s
-1

 was considered, in order to study the case in which displacement ventilation could balance heat 

gains without the need for a radiant floor (C5). 

 

[place Table 1 approximately here] 

[place Table 2 approximately here] 

 

3.2 Air temperature and air velocity measurements 

 

Thirteen temperature sensors, attached to a movable vertical bar, were used to measure vertical air 

temperature profiles and nine anemometers, attached to another movable vertical bar, were used to 

measure air velocity profiles. 

The measurements were carried out at the same time, moving the two vertical bars to seven different 

positions (Fig. 3; Points S1 – S7) in order to be able to adequately describe the air distribution in the 

chamber. 

The data were recorded under steady state conditions and average values were then calculated. The 

position of the two bars was changed until both velocity measurements and temperature measurements 

had been concluded for all points. It was found that the chamber needed fifteen minutes to re-establish 

steady state conditions after each movement of the bars. 
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3.3 Surface temperature measurements 

 

Unheated walls A and B (Fig. 3) were divided into four sections, each monitored with a temperature 

sensor. The wall where the supply air terminal device was positioned was also divided in four sections, 

but only two of them were monitored in accordance with the symmetry assumption noted in Section 3.1 

(Fig. 4). 

The ceiling surface was divided into six sections, because its temperature has a fundamental role in 

increasing the temperature of the supply air at floor level. A warm ceiling exchanges heat by means of 

radiation with the cooler floor, which transfers it to the air at floor level by convection, as described by 

Elisabeth Mundt [17, 35]. Only four of the six sections were monitored, according to the symmetry 

assumption (Fig. 4). 

The surface temperature of the heated or cooled window panels were monitored by means of eight 

temperature sensors (Fig. 5).  

The floor surface was divided in three main sections (Fig. 5). The first section consisted of the panels 

close to the supply air terminal device, which were within the adjacent zone and therefore were 

influenced by the higher velocities and lower temperatures of  the airflow. This part was monitored by six 

temperature sensors. 

The second part consisted of the panels in the centre of the chamber, those closest to the occupied zone. 

This section was monitored by five temperature sensors (one of them located under the floor panels to 

estimate downward heat losses). 

The third section was close to the plastic plates simulating windows, so it was influenced by the 

downdraught, during the floor heating measurements (cold windows) and by the thermal plume, during 

the floor cooling measurements (warm windows). This part was monitored by nine temperature sensors 

(one of them located under the floor panels, to estimate downward heat losses). 

 

[place Figure 3 approximately here] 

[place Figure 4 approximately here] 

[place Figure 5 approximately here] 
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3.4 Ventilation effectiveness measurements 

 

The concentration of the tracer gas was measured in the air supply duct, in the exhaust duct and at two 

positions inside the occupied zone (P1 and P2 in Fig. 6). In these two positions the CO2 concentration was 

measured at the following heights: 1.10 m, 1.40 m and 1.70 m and in particular cases even at 0.60 m and  

0.85 m. By using these data, the ventilation effectiveness could be calculated at each point from the 

following equation: 

 

   

sj

se

cc

cc
ε




                                                                                                                                           (1) 

 

The vertical distribution of the ventilation effectiveness values was useful to evaluate the displacement 

ventilation system efficiency under the different boundary conditions.  

 

[place Figure 6 approximately here] 

 

3.5 Equivalent temperature measurements 

 

During the measurements, the thermal manikin was set to comfort mode and the skin temperature and 

heat loss of each body part were logged. In comfort mode, the surface temperature of the manikin is 

controlled to be equal to the skin temperature of an average person in a condition of neutral thermal 

comfort, in which total heat loss is equal to metabolic heat production. 

Using the heat transfer coefficients calculated from the calibration of the manikin, it was possible to 

calculate the equivalent temperature of each body part, by using the equation: 

 

  

j

j

skeq
h

Q
TT                                                                                                                                         (2) 
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During floor heating tests, the manikin was wearing winter clothing with a total insulation value of 0.8 

clo, while during floor cooling tests it was wearing summer clothing with a value of 0.5 clo. 

The skin temperature and the heat loss measurements were carried out together with the air velocity and 

the temperature profiles measurements, in order to obtain comparable data. 

 

3.6 Smoke tests 

 

The smoke generator was connected to the supply air terminal device in order to spread the smoke 

together with the ventilation air and to follow its path inside the chamber. By means of these tests the 

airflow pattern inside the chamber was visualised under different boundary conditions. 

The smoke always spread along the floor and rose only when it was in contact with some heat source 

(thermal manikin, dummy, PCs, lights).  

Smoke tests were also used to visualise the downdraught due to the cooled windows during floor heating 

measurements and the thermal plume due to the heated windows during floor cooling tests. The smoke 

tests were also useful for visualising a particular problem noticed during measurements at Point S7, 

caused by the heat plumes generated by the legs of the manikin and the legs of the heated dummy. 

 

4. Results  

 

4.1 Air temperature measurements 

 

4.1.1 Floor heating 

The air temperature profiles obtained in all nine floor heating cases were analysed and the temperature 

profiles at Point S4 were taken as the reference for the occupied zone conditions.  

The temperatures at Points S1, S2, S3, S7 were influenced by the cool downdraught from the cooled 

windows; while the temperatures at Points S5 and S6 were influenced by the cool air coming from the 

terminal device, because they were still in the adjacent zone or close to it. 

The measurements show that there is a relation between floor temperature and the thermal stratification in 

the chamber. At higher floor temperatures (i.e., higher heating input) the air close to the floor surface 
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warms up faster and a lower vertical air temperature gradient develops in the chamber. There is a close 

relationship between the dimensionless temperature of the air near the floor (k) and the temperature 

difference between the floor surface and the operative temperature in the room, as shown in Fig. 7. 

 

  

se

sf

TT

TT
k




                                                                                                                                            (3) 

 

It is worth noting that when passing from no floor heating capacity to a floor heating capacity of 60 W m
-

2
, the dimensionless temperature of the air near the floor changes from 0.5 to 0.8. All of the conditions 

examined were in this range (Figs. 8 and 9). 

Typically, in rooms equipped with displacement ventilation, the “50%-rule” is used as a first 

approximation to describe the vertical air temperature distribution. The model known as the “50%-rule” 

was proposed by Skistad  [36]. It postulates that the air temperature at floor level is half-way between the 

supply air temperature and the extract air temperature and that the air temperature gradient from floor 

to ceiling level can be considered linear:   

 

0.5
TT

TT

se

sf 



                                                                                                                                (4) 

 

If floor heating is used together with displacement ventilation, the “50%-rule” must be changed as a 

function of the floor heating capacity (Figs. 7 and 9), reaching a maximum at the “80%-rule”, 

corresponding to a floor heating capacity close to 60 W m
-2

. The “80%-rule”  can be expressed by the 

analytical expression: 

 

 80.
TT

TT

se

sf 



                                                                                                         (5) 

 

When floor heating with “high” heating capacity is used, the supply air is significantly warmed both by 

the induction of the room air into the supply airflow and by convective heat transfer with the floor 
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surface, before reaching occupants and other heat sources. Under these conditions there will be less 

thermal stratification. 

These conclusions are valid for the air supply temperature range used (14°C – 18°C), and thus for 

temperature differences between supply air and floor surface measured in the range 4°C – 14°C. These 

are typical design values. 

 

[place Figure 7 approximately here] 

[place Figure 8 approximately here] 

[place Figure 9 approximately here] 

 

The vertical air temperature profile in Case H7 was much closer to the “50%-rule” profile because the 

floor temperature, and thus the floor heating capacity, was very low. In this case the transmission losses 

and the ventilation losses were low and they were balanced by the internal heat gains (manikin, dummy, 

lights…). 

The vertical air temperature profile in Case H9 follows a broken line: between floor level and 1.10 m 

there was a higher thermal gradient, while between 1.10 m and the ceiling level the thermal gradient was 

lower. This is the typical profile in rooms where heat sources are located in the lower part of the volume 

[16]. In Case H9 the floor was neutral to the other wall surfaces and it was heating the supply air at the 

floor level only slightly. The temperature gradient in the room was mainly due to the internal heat gains 

(manikin, dummy, lights…). The air temperature profile is in fact typical of a room with an unheated 

floor and displacement ventilation.  

If floor heating was used alone, vertical air temperature profiles would have been almost a vertical 

straight line. During measurements, when displacement ventilation  and floor heating  were used 

together, a situation between the extremes described above was registered.  

In Case H9 the floor temperature was slightly higher that in Case H7, because the panels simulating 

windows were not cooled. There was no cold downdraught to cool the floor and a lower radiant heat 

exchanged occurred between the floor and the panels. Additionally, in Case H9 the room temperature 

was set at 22°C while in Case H7 it was set at 20°C. All the other wall temperatures were also slightly 

higher in Case H9 with respect to Case H7, and thermal stratification was found. 
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Different air temperature profiles were noticed at different positions in the chamber, in all the tests (Fig. 

10). At Points S5 and S6, the closest to the supply air device, the vertical air temperature differences are 

higher, as well at Points S1, S2, S3 and S7, which were influenced by the cool downdraught. 

When floor heating was used together with displacement ventilation, the thermal stratification inside the 

chamber was not as homogeneous as in the case of displacement ventilation without radiant floor. The 

dimensionless temperatures of the air near the floor in the different positions of the chamber are reported 

in Table 3. These values make it possible to understand the influence of the supply air or of the 

downdraught at the different points, compared to the occupied zone (Point S4).  

During all the measurements, with the exclusion of Case H9, the vertical air temperature difference 

between head and ankles was always lower than 2°C (Tab. 4), remaining within the limitations for all 

categories in ISO standard 7730 [37]. In Case H9, due to the very low heat losses, the floor was not 

heated, so more thermal stratification developed in the chamber, with higher vertical air temperature 

differences (Fig. 8). In this case only the requirements for buildings in Category C were achieved.  

 

[place Table 3 approximately here] 

[place Table 4 approximately here] 

[place Figure 10 approximately here] 

 

4.1.2 Floor cooling 

In the case of floor cooling tests, as for floor heating, the vertical air temperature profiles at Point S4 were 

taken as the reference for occupied zone conditions (Fig . 11). 

The data show that the “50%-rule” was never fulfilled in the occupied area and that higher vertical air 

temperature differences always occurred in the chamber. Analysing the data, it is also evident that 

increasing the air flow rate, and thus raising the floor temperature, the vertical air temperature differences 

decreased. This phenomenon is apparent when comparing the vertical air temperature profile in Case C4 

(air flow rate 50 l s
-1

) and Case C6 (air flow rate 80 l s
-1

) (Fig.12).  

The comparison shows that when the floor temperature increases, the vertical air temperature profiles 

tended to follow the “50%-rule” at several points in the chamber. At Point S4 the temperature profile did 

not follow the “50%-rule” because the air flow rate of 80 l s
-1

 was probably too high with respect to the 
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chamber dimensions, and thus the air at this point was still too cool. The vertical gradient is nevertheless 

sensibly reduced from Case C4 to Case C6, even at Point S4 (Tab. 5). 

The vertical air temperature differences between head and ankles are generally higher than the limits 

imposed by ISO standard 7730, due to the action of the floor cooling. 

The large vertical gradients probably depend on the fact that with floor cooling the heat transmitted by 

radiation from the warmer ceiling to the floor is not then transmitted to the supply air at floor level by 

convection, as was the case in Elisabeth Mundt’s experiments [17, 35], but it is directly removed by the 

radiant floor. Under these conditions the temperature of the supply air at floor level does not increase due 

to convective heat transfer from the floor, as in the case of displacement ventilation and the uncooled 

floor. Higher vertical air temperature differences therefore occurred. 

 

[place Figure 11 approximately here] 

[place Figure 12 approximately here] 

[place Table 5 approximately here] 

 

4.2 Air velocity measurements 

 

Air velocity measurements were carried out to verify if draught at ankle level would occur using radiant 

floor together with displacement ventilation.  

Vertical air velocity profiles were derived for all the floor heating and floor cooling cases and an example 

is given in Fig. 13. Although the calculated Archimedes’s number differed, similar air velocity profiles 

were found in all these cases. The air velocity at 1.10 m at the Point S7 deviated from expectation. By 

means of smoke tests and CFD analyses [33], it was possible to understand that the air velocity at that 

point was influenced by the thermal plume due to the manikin’s legs and the dummy’s legs, in each case 

rising up from below the table with high turbulence intensity. 

The data reported in Fig. 13 reveal the downdraught due to the cooled windows. The air velocity at floor 

level at Points S1, S2, S3 and S7 was higher than in the occupied zone (S4) and similar to what was found 

at Points S5 and S6, which were the closest to the supply air terminal device. 
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Discomfort due to draught may be expressed as the percentage of subjects predicted to find the draught 

unacceptable. To determine this value, the equation in ISO standard 7730 was used: 

 

     3.14Tuv0.370.05vT34DR la,

0,62

la,la,                                                             (6) 

 

As underlined in the standard, this model was derived to predict draught at neck level, so it could 

overestimate draught at ankle level. 

During floor heating tests the draught rate (DR) in the occupied zone (Point S4) was always under 10%, 

thus under limitations for buildings in Category A (ISO standard 7730). Considering the whole chamber, 

the draught rate was always below 15%, which is acceptable for buildings in Category B (Tab. 6). 

During floor cooling tests draught rate in the occupied zone (Point S4) was always below 15%, which is 

again acceptable for buildings in Category B. Considering the whole chamber, the draught rate was 

always below 20%, which is still acceptable for buildings in Category B (Tab. 7).  

 

[place Figure 13 approximately here] 

[place Table 6 approximately here] 

[place Table 7 approximately here] 

 

4.3 Surface temperature measurements 

 

Surface temperature measurements were used to calculate the mean radiant temperature in the centre of 

the chamber and in the occupied zone, close to the thermal manikin (Point S4). The operative temperature 

was then calculated as the adjusted air temperature: 

 

 
2

TT
TT mra

adop


                                                                                                                              (7) 

 



Page 17 of 59

Acc
ep

te
d 

M
an

us
cr

ip
t

 

 

The mean radiant temperature in the occupied zone (Point S4), was calculated by using the angle factors 

between the manikin and the surrounding surfaces (Equation 8) and the equation reported in ISO standard 

7726 [38], for the calculation from the plane radiant temperatures (Equation 9): 

 

  4

n

1j

4

jjpmr TFT 


                                                                                                                               (8) 

 

 

 
              

 0.300.220.182

backTfrontT0.30leftTrightT0.22downTupT0.18
T

prprprprprpr

mr



   (9) 

 

The calculations resulted in similar values, with differences within the accuracy of the probes, so only one 

value is reported in Tables 8 and 9. 

The plane radiant temperatures of the part of the chamber on the left side and on the right side of the 

manikin were calculated, and used to evaluate the percentage  dissatisfied (PD), due to the radiant 

asymmetry [39].  

The equations given in ISO standard 7730 were used to calculate the percentage dissatisfied due to the 

cold wall during floor heating tests and the percentage dissatisfied due to the warm wall during floor 

cooling tests: 

 

  
 prwallcool ΔT0.3456.61exp1

100
PD


                                                                                     (10) 

 

   
 

3.5
ΔT0.0523.2exp1

100
PD

prwallwarm




                                                                          (11) 

 

These data were compared to the differences in mean equivalent temperature between the left side and the 

right side of the manikin (ΔTpr manikin). This second index provides an indication of the discomfort felt by 

the occupants and due to radiant asymmetries and draught. 
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The radiant asymmetries calculated by means of the surface temperature measurements (ΔTpr) and the 

differences of equivalent temperature between the left side and the right side of the manikin (ΔTpr manikin), 

show different values, because the thermal sensation of the manikin depends also on the air temperature 

and velocity (Tab. 8 and 9). Both of the values are very low. The percentage dissatisfied due to cool or 

warm walls was always below 1%. No significant radiant asymmetries were thus reported in the room. 

The percentage dissatisfied due to a cold or warm floor was calculated, using the equation given in ISO 

standard 7730: 

 

 2

floorfloorfloor T0.0025T0.1181.387exp94100PD                                              (12) 

 

Very low percentages dissatisfied were found, below 8% for floor heating and below 10% for floor 

cooling.  

 

[place Table 8 approximately here] 

[place Table 9 approximately here] 

 

4.4 Ventilation effectiveness measurements 

 

Ventilation effectiveness was calculated at Points P1 and P2 at heights of 1.10 m, 1.40 m and 1.70 m, in 

order to evaluate displacement ventilation efficiency in removing contaminants spread by an occupant 

(simulated by the heated dummy). The results obtained for floor heating and floor cooling are shown in 

Tables 10 and 11. Values reported for Point P1 are taken as the reference for the occupied zone. 

During floor heating tests, when the airflow rate was 35 l s
-1

, the average value of ventilation 

effectiveness at breathing height (Point P1, 1.10 m) was 1.60, and when the airflow rate was 50 l s
-1

 the 

average value of ventilation effectiveness at breathing height was 2.00. Displacement ventilation 

combined with floor heating can thus provide good levels of indoor air quality in the breathing zone.  

During floor heating tests it was nevertheless not possible to identify a clear contaminant stratification as 

during floor cooling tests. This situation could be a consequence of the low thermal stratification. 

Furthermore, careful analysis of Case H9, in which the windows were not cooled, and comparing it to 
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other cases, reveals that the vertical cooled surfaces had a fundamental influence on contaminant 

distribution in the chamber (Fig. 14). It was assumed that the cool downdraught took part of the 

contaminant stratified in the upper part of the chamber and transported it to floor level (CFD analyses 

confirmed this assumption [33]). This is why in Case H2 ventilation effectiveness at 0.85 m had lower 

value than at 1.10 m. The contaminant at floor level was then transported upwards by the thermal plumes 

of the heat sources. The fact that some of the contaminant was not properly removed was because of the 

cooled windows and not because of the floor heating. This phenomenon should be further analysed. 

The measurements demonstrated that in the case of contaminant sources linked to heat sources, the 

spreading of the contaminant can be avoided by using displacement ventilation together with floor 

heating. 

Because of the high values of ventilation effectiveness, it is reasonable to assume that a mixing airflow 

pattern did not develop. Different results might occur if the contaminant source was located in a different 

position. However, the situation that was simulated is a typical condition, because displacement 

ventilation is generally chosen when contaminant sources are also heat sources. 

During floor cooling tests, the ventilation effectiveness was always very high: an average value of 2.20 

was found when the airflow rate was 50 l s
-1

, and an average value of 5.70 was found when the airflow 

rate was 80 l s
-1

. Lower values were measured in Case H8, because the warmed windows had a higher 

temperature than in the other cases, and they therefore generated a stronger thermal plume. It was 

furthermore possible to see a clear decrease in ventilation effectiveness in the upper part of the room, 

where the contaminant was concentrated.  

Displacement ventilation works well when floor cooling is used, because of the marked thermal 

stratification that occurs. 

 

[place Table 10 approximately here] 

[place Table 11 approximately here] 

[place Figure 14 approximately here] 
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4.5 Equivalent temperature measurements 

 

The equivalent temperature of each body part of the thermal manikin was calculated, in order to obtain a 

detailed description of the local thermal sensations of the occupants. 

The equivalent temperature of a body part is the uniform temperature of an imaginary enclosure, with air 

velocity equal to zero, in which the body part would exchange the same dry heat by radiation and 

convection as in the actual non-uniform environment. It is thus an expression of the thermal sensation felt 

by the body part as a result of its heat losses [31, 32]. 

The data obtained in the floor heating tests are summarised in Fig. 15, and should be compared with the 

air temperatures  in Table 8. 

The feet and the legs of the manikin indicated lower equivalent temperature values than the other body 

parts, because of the low temperature of the supply air and the cold downdraught due to the cooled 

windows. The feet and the legs were nevertheless close to the warm surface of the floor and had a high 

radiant transfer with it. The floor heating thus reduced the thermal discomfort due to the cool supply air 

and the downdraught. The difference of equivalent temperature between the feet or the legs and the other 

body parts was not large. 

The thighs, the pelvis and the back showed the highest equivalent temperature values because they were 

in contact with the chair and thus their heat transfer for convection and radiation with the surroundings 

was reduced. The thermal insulation of those body parts was greater, due to the thermal insulation of the 

chair, which is equivalent to an additional layer of clothing. 

The left hand indicated higher equivalent temperatures than the right hand because it was very close to 

the PC casing, with a reduced convective heat transfer with the air and an increased radiant heat transfer 

with the warm PC. The left forearm and upper arm showed lower equivalent temperatures than the right 

forearm and upper arm, because they had the highest angle factor to the cold surface of the windows.  

In Case H9, when the windows were not cooled, the body parts that were mostly influenced by the radiant 

heat transfer with them, indicated an increase in the equivalent temperature (Fig. 15). It is especially 

evident for the left upper arm, the head and the top of the head. The left hand did not show any change 

during Case H9, because it was shielded form the windows by the PC casing. 
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When the windows were not cooled, the floor temperature substantially decreased because less heating 

was required (Tab. 4). The equivalent temperature of the feet and the legs also decreased, because of the 

reduced temperature of the floor (Fig. 15). 

During floor heating measurements, low vertical air temperature differences were found. The air 

temperature at head height was only 1°C warmer than the air temperature at the feet. The radiant heat 

transfer between the floor and the feet and between the floor and the legs was much greater than the 

radiant heat transfer between the floor and the head, which was substantially influenced by other chamber 

surfaces and especially by cooled windows, as shown by the results of Case H9, when the windows where 

not cooled. CFD simulations showed that air movements were greater around the head and the top of the 

head, due to the heat plume [33]. The head and the top of the head thus indicated equivalent temperature 

values similar to those at the feet. The head and the top of the head exchanged heat mainly with cool 

surfaces while the feet exchanged heat mainly with the warm floor. Higher convective air movements 

occurred around the head and top of the head with respect to the feet, but the air the at feet was 1°C 

cooler. 

Cases H7 and H8 indicate lower equivalent temperatures than the other cases. In these two tests the 

operative temperature was lower, because the room set point temperature was lower (Tab. 1 and 8). 

During these two cases the right thigh did not work properly, because there were electrical contact 

problems, so these data are not reported. 

 

[place Figure 15 approximately here] 

 

The data obtained in the floor cooling tests are summarised in Fig. 16, and should be compared with the 

air temperatures reported in Table 9. 

During floor cooling tests the floor temperature was lower than the temperature of the surrounding 

surfaces, and thus it created a cooler radiant environment at the feet. The increased thermal stratification 

also gave rise to a warmer environment in the upper part of the chamber and a cooler environment at floor 

level.  

These phenomena explain why, during floor cooling tests, the difference of equivalent temperature 

between the feet or the legs and the other body parts was higher than during floor heating tests. The feet 
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and the legs indicated the lowest equivalent temperature in the chamber. The thighs, the pelvis and the 

back again indicated the highest equivalent temperature because they were in contact with the chair. 

The right hand indicated high values of equivalent temperature because of the high radiant heat exchange 

with the desk light. The right upper arm, with a reduced clothing insulation during floor cooling tests, had 

a higher convective heat transfer, because airflow rates were higher than in the floor heating tests. 

The top of the head indicated lower equivalent temperatures than the head because it had a higher angle 

factor with the cool floor and it was more exposed to convective air movements. The section designated 

“top of the head” consists of the scull and the back of the neck, which during floor cooling tests was not 

protected by any clothing, because the manikin was wearing a T-shirt. The head (i.e., the face) of the 

manikin was shielded from the floor by the desk and the PC, which had warmer surface temperatures than 

the floor. 

An influence of the warm windows was detected in Cases C8 and C9, when their temperature was 

increased up to 37°C. During these two cases the equivalent temperature of the head and of the top of the 

head increased slightly. 

 

In summary, the thermal manikin did not indicate any particular problems of local thermal discomfort due 

to radiation or convection, either during floor heating tests or during floor cooling tests. Only the cold 

windows, in the floor heating tests, generated any appreciable radiant asymmetry. 

In accordance with previous research by Cheong et al. [40] the measurements show that variations of 

temperature between body parts for different thermal gradients, at a given room air temperature, are 

almost the same, and the variation decreases when room temperature increases. During floor cooling 

measurements, the manikin indicated lower temperature differences between body parts than during floor 

heating measurements. 

 

[place Figure 16 approximately here] 

 

5. Discussion 
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The measurements and the results reported in this paper focus on thermal comfort and ventilation 

effectiveness aspects of the combination of radiant floor heating or cooling with displacement ventilation. 

The potential and the limitations related to the use of the hybrid system have been highlighted, although 

further studies focused on energy effectiveness will be required to provide a complete description of the 

issue. 

If floor heating is combined with displacement ventilation, the air can be supplied at a lower 

temperature, which can extend the free running period (no pre-heating) for the ventilation system, 

depending on the external climate, with a resulting reduction in the energy consumption. 

Floor cooling alone is able to cover up to 50 W/m
2
 [1], and in buildings with normal cooling loads it can 

substantially reduce the cooling effect required for displacement ventilation. By using high temperature 

heat  sources (13-20°C) [28-41], floor cooling can help reducing the energy consumption of the system.  

Further detailed measurements and analyses should be performed to confirm the general observations 

made above, and these should also consider the effect of relative humidity. 

 

6. Conclusions 

 

The measurements reported in this paper indicate that under the simulated boundary conditions, all of 

which occur widely in practice, floor heating can be combined with displacement ventilation in an office 

room, maintaining high values of ventilation effectiveness. 

The “50% rule” can no longer be used to determine the vertical air temperature gradient in a room when a 

radiant floor is used together with displacement ventilation. New methods of calculating this value are 

proposed, using an “80%-rule” as the limit for a floor heating capacity of about 60 W m
-2

. 

The ventilation effectiveness measurements confirmed that contaminant concentration at the breathing 

height (1.10 m) in the occupied zone was always lower than contaminant concentration in the upper part 

of the chamber and in the exhaust. This indicates that, if occupants are the main contaminant sources 

inside the room, displacement ventilation will guarantee high levels of indoor air quality, even when 

combined with radiant floor heating. Further measurements are needed to evaluate ventilation 

effectiveness in cases where there are other contaminant sources.  
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The downdraught due to the cooled windows substantially affected contaminant distribution. Particular 

attention should be paid in the design phase to avoid locating contaminant sources close to cold vertical 

surfaces if a displacement ventilation system is used. Further measurements on the influence of cold 

vertical surfaces on ventilation effectiveness are required.  

The measurements showed also that the use of floor cooling combined with displacement ventilation does 

not increase the draught risk at ankle level, under the simulated boundary conditions and thus within the 

maximum room cooling load of 76 W m
-2

. The vertical air temperature differences between head and 

ankles were outside the comfort range suggested by the standards, because floor cooling reduced the 

effect of radiant heat transfer between the warm ceiling and the floor, and thus the supply air at floor level 

was not warmed convectively by the floor, so its temperature remained unchanged.  

This phenomenon is probably less important in buildings with tall ceilings where floor cooling is 

generally used, and in buildings with high solar loads. In these buildings, lower vertical air temperature 

differences occur, and thus the use of floor cooling should not create any local thermal discomfort. 

Further measurements are required to verify this conclusion. 

The results obtained using the thermal manikin showed the presence of thermal stratification in the room. 

The vertical temperature differences between the head and the ankles were moderate. 

 

7. Nomenclature 

 

ce Contaminant concentration in the exhaust kg/kg 

cj Contaminant concentration at the measured point kg/kg 

cs Contaminant concentration in the supply air kg/kg 

DR Draught rate % 

Fp-j Angle factor between person and j-surface – 

H Chamber net height m 

hj Heat transfer coefficient of the body part W m
-2

 K
-1 

k Dimensionless temperature of the air near the floor - 

PD Percentage dissatisfied % 

Qh Floor heating capacity W m
-2 



Page 25 of 59

Acc
ep

te
d 

M
an

us
cr

ip
t

 

 

Qi Internal heat gains W 

Qj Heat loss of the body part W m
-2 

qv Ventilation flow rate l s
-1 

Ta Air temperature °C 

Ta,l Local air temperature °C 

Tad Adjusted air temperature °C 

Te Exhaust air temperature °C 

Teq Equivalent temperature °C 

Tf Temperature of the air near the floor °C 

Tfloor Floor temperature °C 

Tj Surface temperature K 

Tmr Mean radiant temperature °C 

Top Operative temperature °C 

Tpr Plane radiant temperatures °C 

Tr 

Set-point room air temperature (measured at the room centre, 1.1 m 

above the floor level) 

°C 

Tsk Skin temperature °C 

Ts Supply air temperature °C 

Tw Heated/cooled windows surface temperature °C 

Ty Air temperature at height y °C 

Tu Turbulence intensity % 

y Height of measurement m 

 
Local mean air velocity m/s 

ΔT0.1-1.1 Vertical air temperature difference between head and ankles °C 

ΔTpr Radiant asymmetry °C 

ΔTpr manikin Temperature difference between left and right side of the manikin °C 

ε Ventilation effectiveness – 
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Figure 1. The indoor environment chamber 

 

Figure 2. The experimental equipment 

 

Figure 3. The seven points where air temperature and velocity profiles were taken (S1-S7) and the 

position of the probes on the unheated walls A and B 

 

Figure 4. Position of the probes on the ceiling and on the wall where the supply air terminal device 

was located 

 

Figure 5. Position of the probes on the floor and on the heated/cooled windows 

 

Figure 6. The points where contaminant concentration measurements were taken 

 

Figure 7. Correlation between the dimensionless temperature of the air at floor level and the 

temperature difference between the floor surface and the operative temperature in the room  

 

Figure 8. The dimensionless vertical air temperature profiles in the occupied zone do not follow the 

"50%-rule” when floor heating is used 

 

Figure 9. Correlation between the temperature profile in the occupied zone and the floor heating 

capacity 

 

Figure 10. Example of vertical air temperature profiles in different positions inside the chamber 

during a floor heating test (H1) 

 

Figure 11. Dimensionless vertical air temperature profiles in the occupied zone during floor cooling 

tests 
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Figure 12. Comparison of vertical air temperature profiles between Case C4 (airflow rate 50 l s
-1

) 

and Case C6 (airflow rate 80 l s
-1

) 

 

Figure 13. Example of vertical air velocity profiles during floor heating measurements  

 

Figure 14. Comparison between ventilation effectiveness when windows were cooled (up; H2) and 

when they were not cooled (down; H9) 

 

Figure 15. Equivalent temperature of the body parts during floor heating measurements 

 

Figure 16. Equivalent temperature of the body parts during floor cooling measurements 
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Table 1. Boundary conditions – floor heating tests 

 
Table 2. Boundary conditions – floor cooling tests 

 
Table 3. Dimensionless temperature of the air near the floor (k) at different points in the chamber 

 
Table 4. Floor temperature, floor heating capacity and main temperature differences during floor 

heating measurements 

 

Table 5. Floor temperature and main temperature differences during floor cooling measurements 

 
Table 6. Draught rate at ankle level during floor heating measurements 

 
Table 7. Draught rate at ankle level during floor cooling measurements 

 
Table 8. Main reference temperatures and plane radiant asymmetries during floor heating tests 

 
Table 9. Main reference temperatures and plane radiant asymmetries during floor cooling tests 

 
Table 10. Ventilation effectiveness at Points P1 and P2 during floor heating measurements 

 
Table 11. Ventilation effectiveness at Points P1 and P2 during floor cooling measurements 
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Figure 2
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Figure 3

http://ees.elsevier.com/enb/download.aspx?id=88491&guid=77464a46-9cae-4184-a38a-a76a7d74a12e&scheme=1


Page 47 of 59

Acc
ep

te
d 

M
an

us
cr

ip
t

Figure 4
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Figure 5
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Figure 6
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Figure 7
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Figure 8
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Figure 9
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Figure 10
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Figure 11
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Figure 12
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Figure 13
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Figure 14
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Figure 15
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Figure 16
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