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Abstract 

Airflow characteristics were studied with asymmetrically distributed heat load and diffuse ceiling 

ventilation. The heat load was gradually increased from 40 to 80 W/floor-m2 while the target 

temperature of exhaust air was kept at 26±0.5°C. Experiments were carried out in a test room by 

conducting measurements with omnidirectional anemometers, data loggers and marker-smoke 

visualizations. The heat load consisted of two opposite workstations next to heated window panels 

in the perimeter area. The other side of the room was an open area describing a corridor zone. The 

workstation had a seated test dummy with laptop and monitor. The results indicate that 

asymmetrical heat load distribution creates a large-scale circulating airflow pattern from the heat 

sources to the opposite side of the room. Furthermore, the mean air speed and the airflow 

fluctuation increased with heat load and supply airflow rate. Consequently, also the turbulent 

kinetic energy and the turbulence dissipation increased. However, heat load had only a small effect 

on the turbulence intensity and the fluctuation energy ratio. Therefore, draught rate increased 

significantly with mean air speed. The observed results agree mainly with the symmetrical results 

otherwise, except for the systematic large-scale circulation that was not found in the symmetrical 

test case. The maximum draught rate was 18-21 % indicating the category B-C of thermal 
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heat loads and improve thermal comfort in the occupied zone [12] - [14]. However, thermal load 

distribution and ceiling height may affect a performance of diffuse ceiling ventilation [11].  

Generally, controlling room airflows can be very difficult in the occupied zone [15]. The ventilation 

jets and the buoyancy flows may form a complicated airflow field involving changes that are difficult 

to predict. Therefore, it is not a surprise that thermal discomfort has been a common complaint in 

the offices [16] - [18]. For instance, the risk of draught increases when the airflow temperature 

decreases and the mean velocity and the turbulence intensity increase [19]. Hence, the airflow 

patterns have a significant effect on satisfaction with thermal environments.  

The room airflow pattern depends on the heat source strength and relative locations of air 

distribution units and heat sources [20] - [22]. A thermal plume grows up from a heat source that is 

warmer than a surrounding air. The air is heated which creates a density difference and the 

buoyancy force accelerates the plume upwards due to gravity. Consequently, temperature 

gradients are created and energy is transported throughout the room interacting with the velocity 

field [23]. A plume decays gradually when the temperature gradient vanishes and the surrounding 

air entrains to the flow due to viscous forces and static pressure differences.  

Indoor airflows are mainly turbulent at increased heat load conditions. Turbulence is chaotic and 

random flow motion that involves a wide range of scales [24] - [26]. Turbulent kinetic energy is 

transferred from the energy of the mean flow to the largest eddies from where it is further 

transferred to the smaller and still smaller eddies until the energy is dissipated into heat. This 

process is usually fast, thus the transfer occurs within short distance. Turbulence increases the 

transport of energy, but requires continuous supply of energy against the turbulent stresses [27]. 

Consequently, turbulence may have a significant effect on airflow characteristics. 

This study investigates averaged airflow characteristics [28] - [30] with a low-momentum ceiling air 

distribution and an asymmetrical set-up of heat sources. The motivation is to continue discussion 

that earlier studies have contributed to the airflow characteristics in indoor environments. For 

instance, the asymmetrical heat load distribution has been found to provide a large-scale 

circulating airflow pattern in the room [20], [31]. The objectives of this study were to characterize a 
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time and a spatial averaged airflow field and to observe airflow fluctuation in an occupied zone 

under increasing heat load conditions. Consequently, the airflow characteristics form a physical 

basis for investigating the dependencies, regularities and relationships in indoor air e.g. when 

optimizing airflow conditions. In addition, this experimental set-up offers a good platform for 

exploring buoyancy flows and their effects on surroundings.  

Novelty of the study comes from systematic investigation and detailed analysis of time and spatial 

averaged quantities and functions that are focused on the seated person zone. Furthermore, the 

asymmetrical heat load results are compared to the symmetrical heat load results [32], and also to 

the experiments with advanced air distribution systems [33]. The airflow characteristics are 

discussed including turbulent kinetic energy, fluctuation energy and turbulence scales in the flow. 

The additional characteristics are based on the flow properties and functions describing viscous 

fluid flow. A seated test dummy was used to model a human heat source at the workstation, 

because the test dummy has been found to model a sitting person properly [34].  

 

 

2  Methods 

2.1  Test room 

The measurements were carried out in a test room of internal dimensions of 5.5 m length, 3.8 m 

width and 3.2 m height. The test room was located inside a laboratory hall such that outer 

environment was stable. The floor area was around 21 m². The air distribution was introduced by 

discharging supply air through the entire ceiling surface down to the occupied zone. The depth of 

suspended ceiling was 0.35 m forming the upper plenum chamber. The suspended ceiling was 

made of perforated glass wool elements. The degree of perforation was 0.50±0.02%. The diameter 

of supply air nozzles at the ceiling was 14 mm. The nozzle row next to each wall was sealed. The 

indoor air was extracted at the suspended ceiling at height 3.2 m. The diameter of the exhaust duct 

was 0.16 m.  
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2.2  Experimental set-up 

The double office layout and the measurement locations 1-15 are shown in Figure 1.  

 

Figure 1. A top-view of measurement locations 1-15 and the double office layout next to the heated 

window panels in the side-wall (bold lines, width-coordinate 3.84 m). The exhaust air opening is at 

the ceiling (circle, length-coordinate 5 m, width-coordinate 2.4 m). The additional heat source is 

under the table (square, length-coordinate 2.4 m, width-coordinate 3 m). 

 

The flow field was measured with seven omnidirectional anemometers. The anemometers were 

installed at the heights of 0.1 m, 0.6 m, 1.1 m, 1.4 m, 1.7 m, 2.3 m and 2.9 m in accordance with 

the recommendations in the standard EN ISO 7726:2001 [35]. Three lowest sensors were the Vivo 

Draught 20T31 anemometers [36] with the sampling rate of 10 Hz. The four highest sensors were 

the wireless Sensoanemo 5100SF anemometers [37] with the sampling rate of 0.5 Hz. The 

averaging interval was 1 h. The Tinytagplus-2 data loggers [38] were installed on the internal and 

on the outer walls to observe near-wall temperature conditions. The detailed temperature 

differences at surfaces were measured with infrared camera and with infrared thermometer.  

Figure 2 shows the test room and the workstation set-up. Two workstations were located 0.6 m 

from the window panels in the middle of the room in longwise direction. A light was installed at the 

ceiling in the middle of the workstations at height 3.2 m. A laptop and a monitor were located on 
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both tables. A partition wall of the height of 1.46 m was installed between the tables. In the case of 

80 W/floor-m2, the additional heat source of 0.4 x 0.4 x 0.4 m3 was located on the floor below the 

table to model a computer at the length-coordinate of 2.4 m and the width-coordinate of 2.8 m 

(Figure 1).  

 

Figure 2. Test room and workstation set-up:  a) The suspended ceiling with the degree of 

perforation of 0.50±0.02 % and b) a seated dummy with a laptop and a monitor near the heated 

window-panels. 

The window panel surface was set to 30-40°C such that the target heat load was achieved. The 

heating power was provided by conducting hot-water pipes inside the panel. The insulation plates 

of the thickness of 0.1 m were installed outside the room to cover the window panels. Heating foil 

of 5 m length and 1 m width was installed on the floor 0.8 m from the heated window panel wall. 

The heat load of window panels was measured from the water mass-flow and temperature 

difference between the water supply and return. Furthermore, the heat load was estimated from 
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3.1  Temperature 

Figure 3 shows the average temperature distribution and statistics in the room with the heat load of 

40-80 W/floor-m2. The arithmetic average of all the measured mean temperatures was 

25.8±0.4°C (±std), where the parenthesis refers to ±standard deviation. Consequently, the 

experiments agree mainly with the target level of 26±0.5°C in the exhaust air. The vertical air 

temperature difference was small, i.e. the average temperature increased 0.3°C in the seated 

person zone from the height of 0.1 m to 1.1 m and decreased 0.3°C in the upper zone from the 

height of 1.4 m to 2.9 m with respect to the test cases 40-80 W/floor-m2.  

 

Figure 3. a) The average air temperature in the locations 1-15 (Figure 1) at the heat load of 40-

80 W/floor-m2. The errorbars denote ±standard deviation at 40 W/floor-m2. b) The corresponding 

air temperature statistics in the test cases 40-80 W/floor-m2. 

 

Figure 4 shows air temperature at the corridor side, in the middle and at the window side. In the 

seated person zone, the average temperature difference from the heated window side to the 

corridor side was 0.5°C in the case of 40 W/m2 that was larger than the minimum realistic 

uncertainty of the measurement (±0.2°C). The corresponding average difference was 0.9°C in the 

case of 80 W/m2, thus below 4 % relative difference was obtained. For instance, Mustakallio et al. 

(2016) [33] showed a smaller temperature range at the heat load of 38 W/m2 with a chilled-beam 

with radiant-panel (CBR) system and a chilled-ceiling with mixing-ventilation (CCMV) system than 

the current study with a diffuse ceiling ventilation (DCV) system at 40 W/m2. However, a larger 
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temperature range was found with those systems at the heat load of 64 W/m2 than in the present 

study at 60 W/m2. Furthermore, the authors found a greater temperature difference between the 

heated-side and the corridor-side at the height of 1.1 m than the current study. However, the air 

temperature was at a reasonable level in all those test cases. The observed results agree mainly 

with the earlier study on symmetrical heat-load set-up [32] otherwise, except for the temperature 

distribution that was more uniform in the test room with symmetrical set-up.  

 

Figure 4. The mean air temperature at the corridor side (location 1-4), in the middle (location 5-8) 

and at the window side (location12-15): a) the case of 40 W/m2, b) the case of 80 W/m2. 

 

3.2  Mean air speed 

Figure 5 shows the mean air speed with increasing heat load. The arithmetic average of mean air 

speeds was 0.11±0.04 m/s (±std) at 40 W/m2. The corresponding mean air speed increased on 

average by 31 % up to 0.14±0.06 m/s at 80 W/m2. Hence, the heat load had a significant effect on 

air speed level, similarly as in the symmetrical heat load study [32]. However, supply airflow rate 

also affects on the result. The average mean air speed was 0.14±0.06 m/s below the height of 

1.1 m that refers to a seated person zone. Furthermore, the observed mean air speed decreased 

on average by 19 % from the seated person zone to the upper zone that was defined as a height of 

1.4-2.9 m. In the seated person zone, the mean air speed of 0.18±0.07 m/s decreased on average 

by 42 % down to 0.11±0.04 m/s from the height of 0.1 m up to 1.1 m, respectively. The uncertainty 

of measurement was ±0.03 m/s as defined by Eq. (10). The largest vertical gradients on air speed 














































