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Abstract 

Large glass façades are popular architectural features in building design nowadays. 

However, these façades can result in interior downdraught during periods with low 

outdoor temperatures. A rule of thumb exists to assess the downdraught risk of, based 

on window height and window temperature [1]. In this paper the validity of this rule 

of thumb is evaluated by an experimental and a numerical study.  

In the experimental part ten healthy male subjects (age 20-26 year) are exposed to two 

different downdraught conditions in a controlled climate chamber. Experimental 

results are also used to validate the numerical models. In the numerical 

(Computational Fluid Dynamics) part a parameter study has been performed to assess 

the influence of window height and window surface temperature beyond the range 

tested in the climate chamber. In addition, different floor temperatures have been 

investigated to evaluate the effect of floor heating as a possible design option to 

prevent downdraught.  

Based on both experimental and numerical results the existing rule of thumb is shown 

to be conservative. Furthermore, the numerical results reveal that an increased floor 

temperature (i.e. floor heating) can increase the downdraught risk. Therefore, it is 

recommended to modify the rule of thumb by incorporating the floor temperature as a 

parameter. 
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1. Introduction 

Glazed façades and atria are popular architectural building design features. These 

features are regarded as beneficial measures in terms of daylight. However, these 

façades may cause comfort related problems due to downdraught. In case of 

downdraught the air layer close to a cold surface (i.e. window) is cooled, which 

causes this layer to flow downwards due to buoyant forces. In this paper the term 

‘downdraught’ is used for this type of buoyancy driven flows.  

If the cold air flow is not compensated for by an upstream air flow, the cold air can 

penetrate into the living zone [2]. Until ten years ago downdraught related problems 

were mainly solved by placing heating appliances underneath glazed façades and 

large windows. With the improvement of the thermal performance of windows and 

window systems since, additional heating appliances may not be necessary anymore 

[3-7]. However, in current building practice often a cautious approach is taken. 

Therefore, radiators, convectors or floor heating systems are installed beneath 

windows while they might not be required with respect to downdraught. 

According to Huizenga et al. [4] two aspects are important regarding a glazed façade 

in relation to thermal comfort: cold radiant asymmetry and draught. Radiant 

asymmetry is influenced by the surface temperature of the window, posture and 

position of the subject and human factors like clothing level and metabolism. Draught 

is affected by the air velocity, turbulence intensity and air temperature. 

Several numerical and experimental studies have been conducted to improve 

understanding of the flow principle and the effect of several solutions to prevent 

downdraught. Heiselberg, among others, concluded that windows up to 2.5 meter 

height do not cause downdraught related problems in case of well-insulated glazing 

systems (expressed by a maximum temperature difference between the room air and 



the window surface of  2.5°C) with the occupied zone starting at 0.6 meters from the 

window [2].  

To assess the risk of downdraught in the design phase several rules of thumb are 

available. Olesen, among others, defined a rule of thumb that allows assessment of the 

maximum window height (h in m) in combination with the U-value of the glazing 

(Uglass in W/m2K) with given constraints on  the maximum accepted air velocity (vair in 

m/s) in the living area (Equation 1) [1]. If a lower maximum accepted air velocity is 

considered, equation 2 can be applied [8].   

 

Uglass * h ≤ 4.7 W/mK  vair;max=0.18 m/s    (1) 

 Uglass * h ≤ 3.2 W/mK vair;max=0.15 m/s    (2) 

 

The numerical and experimental studies from which the rule of thumb has been 

derived, show some limitations: - Only draught is taken into account, while according 

to Huizenga et al. [4] radiation also has a significant influence on thermal comfort 

related to downdraught; - The results are not validated in experiments with human 

subjects; - In most studies the window height is limited to two or three meters, while 

it is expected that frequently installed higher windows cause more problems related to 

thermal comfort. 

 

As this particular rule of thumb is still applied in practice, the question is to what 

extent it is able to predict downdraught risk correctly. As the rule of thumb also does 

not address contemporary counteracting design solutions, the query arises whether 

low-temperature heating systems (e.g. floor heating) are able to prevent downdraught.  

Following the above, the objective of this study is to validate the presented rule of 



thumb in an experimental study in humans and evaluate its applicability for high 

windows and configurations with floor heating. 

 

The research method applied experiments with human volunteers in a climate 

chamber and numerical modeling with Computational Fluid Dynamics (CFD) to 

evaluate alternative configurations.  

The experiments with the human volunteers were designed a priori. Since, the 

configuration of the climate chamber did not allowed an evaluation of the 

downdraught risk with respect to the window height, a numerical study was 

performed to analyze the effects of the window height. The numerical model is 

validated against experimental results obtained under the same conditions as the 

subjects were exposed to. 

First, the experimental facility (Section 2) is described. In this facility both subject 

experiments and measurements to validate the numerical model have been conducted. 

Description and results of the subject experiments are presented and discussed in 

Section 3. CFD model details and verification are described in Section 4. In Section 5 

the variant study to investigate different downdraught configurations is presented and 

discussed. In Section 6 conclusions from the experimental and numerical study are 

discussed with respect to the objective of the study. The paper ends with conclusions 

and implication for building practice and topics for future work (Section 7). 

 

2.  Experimental facility 

Both the experiments with human subjects and the experiments for validation of the 

CFD model were carried out in a climate chamber (thermophysiological test room, 

Fig. 1). The test room is situated at the laboratory of the unit Building Physics and 



Systems of the department of the Built Environment at the Eindhoven University of 

Technology. The dimensions of the room are similar to a standard office room: 

3.6x5.4x2.7m3 (WxLxH). The test room is constructed of a well insulated chamber 

(wall thickness is 100mm). In this chamber the temperature of each surface can be 

controlled individually in the range of 11-35°C [9]. Cooling of these panels is possible 

through a connection to an aquifer system and ranges between 10 and 17°C. For 

heating a boiler in combination with a supplementary electrical heater for fine-tuning 

the supplied water temperature is applied. The total temperature range of the supplied 

water is 11 – 35°C. 

The air was conditioned by an air-handling unit (Verhulst); the ventilation rate was 

150 m3/h. Supply was through a slit (0.01 m height) along the width of the room, 

integrated in a plenum box (100x3600x200mm3 WxLxH) positioned at the top of the 

smallest wall. The exhaust (0.2 m height) was positioned in a similar box at the top of 

the opposite wall. Temperature control for air and water was provided through an 

embedded system (software programmed in LabView 8.6, National Instruments, 

Austin, USA). 
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Fig. 1. (a) Thermophysiological test room; (b) thermal manikin in experimental set-

up; (c) test subject in experimental set-up; (d) floor plan where the orange dots 

indicate the measurement stands, the grey hatched surface represents the living area, 

the blue hatched surfaces represent the plenum boxes and the blue wall 

indicates the cold wall.  

 

3. Subject experiments 

This section describes the subject experiments in order to evaluate the applicability of 

the rule of thumb (Eq. 1 and 2). In total two cases have been investigated. 

 

3.1 Method 

Configuration and equipments 

During the experiments both physical and physiological measurements have been 

performed continuously. Air temperature (NTC Thermistor, type SC95, accuracy 

±0.1°C), relative humidity (RH) (Humidity Sensors, Honeywell HIH- 4000 series), air 

velocity (hot sphere anemometer, Dantec, estimated accuracy 15% [10]), surface 

temperature (NTC Thermistor, U-type EU-UU-10-PTFE, accuracy ±0.1°C) carbon 



dioxide (Carbon Dioxide Transmitter, Vaisala 0–2000 ppm), and illuminance (Lux 

meter, Hager model E2) were measured according to NEN-EN-ISO 7726 [11]. Air 

temperature, RH, and air velocity were measured on two stands at 0.1, 0.6, 1.1 and 1.7 

m height. These stands were placed on the left and right side of the subject, at a 

distance of 0.2m (the orange dots in Figure 1d). The average surface temperature for 

each surface was derived from nine measurement points on each surface (at a grid of 

3x3).  The mean radiant temperature was determined according to the surface 

temperatures and view factors related to the position of the subject.  

Skin temperatures were measured according to NEN-EN-ISO 9886 [12] by wireless 

iButtons (Thermochron iButton, DS1291H, Maxim, CA, Sunnyvale, USA, accuracy 

±0.125ºC) at 24 locations to assess possible differences between the left and right side 

of the human body [13]. Ibuttons were attached with semi-permeable tape (Fixomull; 

BSN medical gmbh, Hamburg, Germany). Mean skin temperature was calculated 

according to the 14-point weighing as proposed by NEN-EN-ISO 9886 [12] (Point 1-

14, Figure 2a). Distal skin temperature was calculated as average of instep, ankle, 

finger tip, hand, and forehead skin temperature. To avoid a disproportional 

distribution, forehead and instep temperature have been taken into account twice. 

Proximal skin temperature was calculated as an average of the scapula, paravertebral, 

upper chest, and abdomen skin temperature. Core temperature was determined by 

measuring the intestinal temperature through an ingestible telemetry pill (CorTemp, 

Ingestible Core Body Temperature Sensor, HT150002, HQ Inc., Palmetto, FL, USA, 

accuracy ±0.1º), which was ingested 30 minutes before entering the climate room. 

 



Fig. 2. (a) Measurement sites skin temperature; (b) Schematic representation of body 

parts to assess local thermal sensation and comfort 

 

Cases 

For the subject experiments two different downdraught situations were defined. One 

case (S1) without compensation by a heating appliance and one case (S2) with 

compensation through a low temperature floor heating system. Downdraught was 

created by cooling the ‘east wall’ (Fig. 1d). The subjects were positioned at the 

boundary of the living area, i.e. one meter from the cold wall (see Fig 1d). This 

distance is adopted from NEN-EN-ISO 7730 [14], note that this distance is larger than 

the distance assumed by Heiselberg [2]. 

Both cases were designed at a mean operative temperature of 21.5°C (S1: 

21.6±0.04°C and S2: 21.8±0.03°C) which corresponds to a predicted neutral thermal 

sensation (PMV≈0; for a clo-value of 1.0 and an activity level of 1.2 met, see 

‘Protocol’). The mean operative temperature of case S2 is slightly, though significant 

(P<0.05), higher in comparison to case S1. Furthermore, when the cases are assessed 

to the rule of thumb they would both not be allowed (Uglass*h is for S1: 5.1±0.3 

W/mK and for S2: 5.2±0.3 W/mK, maximum allowed is 4.7 W/mK). For this 

assessment the maximum allowed air velocity is set at 0.18 m/s (Equation 1), where 



the U-value of the glass is calculated according to Equation 3, which assumes an 

indoor-outdoor temperature difference of 34 K.  = ; .     (3) 

 

The conditions for each case are listed in Table 1; mean operative temperature, air 

velocity, turbulence intensity and relative humidity were averaged from the 

measurement data from the two comfort stands that were applied during the 

measurements (Figure 1d: ‘Right’ and ’Left’) 

 
Table 1. Case summary 

 Case S1 Case S2 

Uglass*h [W/mK] 5.1 ± 0.3 5.2 ± 0.3 

Mean operative temperature [°C] 21.6 ± 0.1 21.8 ± 0.2* 

Mean air temperature [°C] 22.1 ± 0.1 22.2 ± 0.2 

Surface temperature East wall [°C] 13.7 ± 0.4 13.7 ± 0.6 

Surface temperature Floor [°C] 23.0 ± 0.0 24.3 ± 0.1* 

Surface temperature remaining surfaces [°C] 23.2 ±0.1 22.7 ± 0.1 

Mean radiant temperature [°C] 21.1 ± 0.1 21.3 ± 0.2* 

Mean radiation asymmetry [°C] 6.1 ± 0.2 6.1 ± 0.3 

Mean air velocity [m/s] 0.07 ± 0.01 0.09 ± 0.02* 

Mean turbulence intensity [%] 25.9 ± 1.6 25.9 ± 1.3 

Mean relative humidity [%] 46.9 ± 6.3 47.7 ± 6.0 

* Significant case effect (P<0.05) 

 

  



Subjects 

Ten young male subjects, age 18 to 26 years, participated in the experiment. The 

volunteers were given detailed information regarding the purpose and the methods 

used in the study, before written consent was obtained. However, they were not 

informed on the actual conditions they were exposed to. All subjects were healthy, 

normotensive, non-obese, and not taking any medications that might alter the 

cardiovascular or thermoregulatory responses to the temperature changes; subject 

characteristics are listed in Table 2. Body fat percentage was determined by means of 

skinfold thickness, according the Siri equation [15]. Skin folds were measured at four 

sites: subscapular, suprailiacal, and at the triceps and biceps [16]. 

 

Table 2. Subject characteristics 
 Mean ± Std.Dev Minimum Maximum 

Age (yr) 23.5±1.7 20 26 

Height (cm) 185.0±6.1 177.0 197.0 

Weight (kg) 77.7±8.8 67.5 91.2 

Body fat% (%) 16.8±3.9 8.7 23.5 

BMI (kg/m2) 22.6±1.6 21.4 25.9 

 

Protocol 

Subjects visited the climate chamber during winter (January-February 2011, average 

outside temperature ranged from 0.2 to 8.0°C [17]). During this one day visit they 

were exposed to, in total, four different conditions (two for this experiment (S1 and 

S2) and two for another related experiment). The order of the two experiments was 

alternated;  e.g. subject 1 started with S1 and S2 in the morning and ended with the 

other experiment in the afternoon, subject 2 started with the other experiment in the 



morning and ended with S1 and S2 in the afternoon, subject 3 started with S1 and S2, 

etc. For practical reasons, the order of the experiments S1 and S2 was kept the same 

in all cases. 

Prior to the measurements, the subjects performed a light exercise of 5 minutes to 

obtain skin vasodilatation in order to ensure that all subjects entered the climate room 

in the same thermal state [18]. Vasodilatation was assessed by the skin temperature 

difference between forearm and top of the forefinger [19] [20]. Furthermore, the skin 

temperature sensors were attached, and the subjects characteristics (height, weight, 

and fat percentage) were determined. 

After entering the climate room, the experiment started with an acclimatization period 

(30 min). During this period they received an instruction regarding the use of the 

questionnaires. After completion of the first case an acclimatization period of 30 

minutes followed (as preparation for the second case). During this period the subjects 

had the opportunity to visit the rest room. A detailed time line is given in Figure 3. 

During the experiments, the subjects wore standardized clothing, consisting of a 

cardigan, jogging pants, thin T-shirt, underpants, socks and shoes. The clo-values 

were determined according to McCullough et al. and NEN-EN-ISO 9920 [21-23]. The 

total heat resistance of the clothing ensemble, including desk chair, was 

approximately 1.0 clo. The subjects continuously performed office tasks; their 

metabolic rate was estimated to be approximately 1.2 met [14]. 

  



  

Fig. 3. Time line of measurement protocol; q is representing the questionnaire 

moments 

 

Questionnaires 

Every 30 minutes, starting at t=0 min, the test subjects filled in a questionnaire. 

Thermal sensation votes, both global and local for each body part (Figure 2b), were 

asked on a continuous 7-point ASHRAE thermal sensation interval scale, where each 

point on the line could be marked [14, 24]. Global and local thermal comfort were 

asked on a ISO-based 4-point thermal comfort scale (‘Comfortable’, ‘Slightly 

Comfortable’, ‘Slightly Uncomfortable’, and ‘Uncomfortable’) [25]. Visual analog 

scales (VAS) were used to assess adverse perceptions and the perceived indoor 

environment [26]. A question to assess perceived stress was included as well. The 

questionnaires were presented to the subjects in Dutch through an Internet browser. 

The differences in physical measurements were tested using ANOVA. Differences in 

physiological responses and subjective responses between the two experimental cases 

were studied using the non-parametric Wilcoxon signed-rank Test. Frequency 

analyses were used to indicate differences within thermal comfort votes and perceived 

air velocity.  Significant effects are reported for P < 0.05. The commercially available 

software package PASW Statistics 18.0 (SPSS Inc., Chicago, USA) was used to 

analyze the data. 

 3.2 Results  



Physical measurements 

Table 1 indicates significant (P<0.05) differences in mean operative temperature, floor 

temperature, mean radiant temperature, and mean air velocity between case S1 and S2. 

In Figure 4 the measured air temperatures and air velocities, averaged for all subjects, 

are represented. The first 30 minutes of each case (i.e. the period from t=0 to t=30 and 

t=150 to t=180) are not presented because this period is regarded as acclimatization 

period where the subjects became in equilibrium. Significant differences were found 

at both measurement stands for the temperature gradient (along the height; mean 

temperature difference between the sensors at 1.7m and 0.1m height) between case S1 

(∆T=1.4±0.17°C) and S2 (∆T=0.8±0.09°C). The sensor at 0.1m height on the right 

side of the subject (closest to the cold wall) measured the lowest temperatures. During 

S2 this temperature raised due to the higher floor surface temperature, which caused a 

decrease in the temperature gradient between 0.1 and 1.7m height. Both sensors 

closest to the floor (0.1m; left and right) measured the highest air velocities and 

lowest temperatures. The air velocities at 0.1m at the right side of the subject exceed 

0.15 m/s which, based on Equation 1, indicate downdraught during both experimental 

cases. The air velocities on the left side are lower in comparison to the right side, 

which is caused by a disruption of the flow field due to the subject. The mean radiant 

temperature asymmetry was in both cases 6.1°C. According to NEN-EN-ISO 7730 

[14] the percentage dissatisfied (PD) due to a cold wall is smaller than 10%, and 

should therefore not influence the draught perception. 

  



a b 

Fig. 4. (a) Measured air temperatures on both comfort stands at different heights; (b) 

Measured air velocities on both comfort stands at different heights , R represents the 

stand on the right (cold wall) side of the subject, L represents the stand on the left side 

and the number indicates the distance in meters from the floor 

 

Physiological measurements 

Mean, distal and proximal skin temperatures, and core temperature, averaged for all 

subjects, are given in Figure 5. Furthermore the mean skin temperature of the left side 

(measurement sites 2,6,15,16,21,24) and the right side (5,17,18,20,22,23) of the body 

are presented. 

The difference in mean skin temperature between S1 and S2 is significant 

(33.0±0.04°C vs 32.9±0.08°C P<0.01), although these differences were within the 

measurement accuracy (mean difference 0.02±0.06°C). Difference in distal skin 

temperature between S1 (31.2±0.19°C) and S2 (30.9±0.24°C) was also significant 

(P<0.01; mean difference 0.29±0.14°C).  Core temperature and proximal skin 

temperature were significant (P<0.01) higher during S2 (mean difference respectively 

0.10±0.06°C and 0.10±0.10°C).  

During both cases the skin temperature of the right side (closest to cold wall) of the 

subject was significant (P<0.01) lower in comparison to the left side (mean difference 



S1: 0.46±0.11°C and S2: 0.61±0.09°C). The skin temperature of the right side was 

significant lower (P<0.01) during S2 compared to S1. ). The skin temperature of the 

extremities (hands and feet) fluctuated more during both cases (range 30.5-32.5°C) 

than the skin temperatures of the body parts close to the core (range 34-35°C), to 

regulate the heat exchange with the environment. 

 

a  b 

Fig. 5. (a) Measured mean, proximal and distal skin temperatures and core 

temperature; (b) Mean skin temperature of the left and right (cold wall) side of the 

body 

 

The increase in skin temperature of the left and right side of the subject and distal skin 

temperature during the first 30 min of S2 is most probably caused by vasodilatation 

(∆T(forearm-fingertip)≈0) which is indicated in Figure 6.  During the acclimatization period 

prior to case S2 subjects were allowed to leave the climate chamber to visit the rest 

room. The increase in vasoconstriction (t=150) most probably occurred because their 

hands were cooled due to hand washing. Furthermore, the small increase in 

vasodilatation (t=180) can be explained by a redistribution of the blood which 



occurred due to a change in posture (from standing to sitting). Subsequently, the 

increase (from t=210) in vasoconstriction is caused by cooling of the subjects due to 

the sedentary activity level. 

 

 

Fig. 6. Mean difference between forearm and fingertip temperature during the cases 

S1 and S2. Vasoconstriction is indicated by positive values, vasodilatation by 

negative values. 

 

Subjective responses 

The subjective responses were analyzed for the last three questionnaires of each case 

(i.e. S1: q3-q5 and S2: q7-q9), to exclude possible effects from the acclimatization 

period. Mean whole-body thermal sensation (TS) during S1 (averaged for all subjects 

and three questionnaires) was 0.16 ±0.28, mean TS during S2 was 0.07±0.47 (all 

corresponding to approximately neutral). The difference in TS between both cases 

was not significant (P>0.05). In Figure 7 the results of the frequency analyses of 

whole-body thermal comfort (TC) votes and perceived air velocity are presented.  The 

case effect on TC was not significant. However, differences in perceived air velocity 



were significant (P<0.05), where in case S2 more often, in comparison to S1, an air 

movement was observed by the subjects (Figure 7b). When the subjects registered an 

air movement, this air movement was mostly felt at head level.  

Regarding thermal comfort of the local body parts, only the feet, lower arms and 

hands were on occasion slightly uncomfortable, however this did not significantly 

influence whole body TS and TC (data not presented). Although in S2 more often an 

air movement was noticed (Figure 7b), the subjects preferred no change in air 

movement in both cases. Furthermore, both cases (all subjects) were assessed as 

acceptable and no change in terms of warmer and cooler was preferred.  

 

a 

 

b 

 

Fig. 7. Frequency results of (a) thermal comfort and (b) perceived air velocity 

 



3.3 Discussion human data 

To the best of our knowledge, this study is the only one wherein subjective responses 

were taken into account to validate the rule of thumb of Olesen [1] to predict 

downdraught from cold surfaces. Previous studies focussed mainly on the flow 

principles and possible solutions to prevent downdraught [2, 6, 27]. However, cold 

radiant asymmetry and stratification could be, for example, of importance as well 

regarding thermal comfort in relation to downdraught [4, 28]. 

The differences in realized conditions between both cases are relatively small, due to 

the requirements set with respect to the operative temperature. The objective of the 

experiments with subjects was to impose conditions which represent daily situations. 

Nevertheless, differences in subjective responses regarding the perceived air velocity 

were found between S1 and S2 (Figure 7). However, in practice larger differences can 

occur which may result in larger differences between the subjective responses. 

Besides, the results from the physical measurements show an increased air velocity 

and related decreased air temperature near the floor for both experimental cases. This 

indicates that the subjects were exposed to downdraught during both cases. But this 

downdraught was not registered by the subjects. They did not report any air 

movement around the feet. In the cases where subjects reported air movement, this 

was felt at head level, despite relatively low velocities and turbulence intensities (in 

the range of 0.05-0.1m/s and 20-25%).  

The results show that the skin temperature is influenced by the cold wall (mean 

surface temperature S1:13.7±0.44°C and S2: 13.0±0.56°C. Significant differences 

were found in physiological responses between the two cases, but no significant 

differences were observed for the subjective responses. In general, both conditions 

were assessed by the subjects as comfortable (including slightly comfortable votes). 



Although, effects from local body parts on whole body thermal sensation and comfort 

were observed in Zhang et al. [29, 30], no influences of local body parts on whole 

body thermal sensation and comfort were observed in this study. The subjective 

results are in line with the comfort prediction according to NEN-EN-ISO 7730 [14]. 

However, following the rule of thumb [1] the conditions are not allowed because of an 

increased risk for uncomfortable conditions caused by downdraught. 

 

3.4 Conclusion subject experiments 

According to the rule of thumb both experimental conditions are not allowed with 

respect to an increased risk of down draught. However, both experimental conditions 

were perceived as comfortable by the subjects and the subjects did not prefer a change 

in air movement. Furthermore, the radiant temperature asymmetry was within the 

comfort limits according to NEN-EN-ISO 7730 [14]. Therefore, both experimental 

conditions were regarded as acceptable. 

 

4. Numerical model development and analysis 

The subject experiments provide valuable information, but are limited regarding the 

number of variants that can be studied. Therefore, a variant study has been conducted 

to further analyse the rule of thumb which can be used to predict downdraught. To 

perform this study CFD has been used; for which a numerical model has been 

developed, this model will be discussed in the following.  

 
4.1 Computational geometry and discretisation 

The geometry is adopted from the climate chamber geometry, as discussed in Section 

2, resulting in a computational domain with dimensions 5.4 x 3.6 x 2.7m3 (LxWxH, 

Fig. 8a). With respect to the discretisation two types of grid have been developed: (1) 



a hybrid grid (1.4 million cells, Fig. 8b) for the model with human being (dimensions 

based on thermal manikin used for validation), combining both tetrahedral and 

hexahedral cells and (2) a structured grid (0.5 million cells, Fig. 8c) for an empty 

climate chamber. The latter model was developed to allow extension of the number of 

cases that could be investigated (e.g. geometries with different room heights). 

Additional models have been developed from these two types of grid for sensitivity 

analysis. All grids were generated using the commercially available software Gambit 

2.4.6 (Ansys Inc, Canonsburg, USA). 

 

a 

 

b 

c  
 

  

Fig. 8. (a) Perspective view of computational domain; (b) View of the computational 

grid for the occupied model and (c) view of the computational grid for the empty 

model at some of the domain surfaces 

 



4.2 Boundary conditions and solver settings 

The commercially available software package Ansys Fluent 12.1.4 (Ansys Inc., 

Canonsburg, USA) has been used to solve the transient 3D Reynolds-averaged Navier 

Stokes (RANS) equations in combination with the Renormalisation Group (RNG) k-ε 

turbulence model [31] using enhanced wall treatment (average y+ value cold wall: 10 

[coarse grid], 5 [fine grid] [32]). Stamou et al. have shown that by using this 

turbulence model accurate results can be obtained for the prediction of indoor air flow 

[33]. Buoyancy forces are modelled through the Boussinesq approximation.  

The SIMPLE algorithm is used for pressure-velocity coupling, for pressure 

interpolation the body force weighted discretisation scheme is used and second order 

discretisation schemes are used for both the convection terms and viscous terms of the 

governing equations following the best practice guidelines [34]. Simulations have 

been performed with a time step of 1 second. Per time step 10 iterations were 

performed. In total 2700 time steps (45 minutes real time) were simulated. 

Convergence criterion for the scaled residuals was 10-5. Furthermore, the achievement 

of a heat balance was an important criterion for acceptance of the solution. Despite 

the fact that steady state conditions were provided, the results of the simulation 

showed a transient (periodic) behaviour. This transient behaviour could not be 

referred back to the grid and solver settings. Instead the behaviour is explained by the 

geometrical and flow configuration which allows for flow instability. In the results, 

data from the last 900 seconds are averaged and completed with the standard 

deviation over that period.  

During the simulations radiation was not taken into account, only the convective part 

was solved. To compensate for the radiation part the heat emission of the human being 

has been halved. Furthermore, the surface temperatures were fixed. The heat emission 



of the human being, in case of the empty model, is taken into account by 

implementing a User Defined Function (UDF).  The boundary conditions for the 

initial models were adopted from the subject conditions (Table 1) and measured for a 

room with a thermal manikin (M1 and M2). The averaged measurement results for 

both cases, which have been used as boundary conditions, are given in Table 3. 

 

Table 3. Boundary conditions for initial numerical models 

 Case M1 Case M2 

Inlet – Air temperature [°C] 22.0 22.0 

Inlet – Air velocity [m/s] 1.0 1.0 

Inlet – Turbulence intensity [%] 7 7 

Inlet – Turbulence length scale [m] 0.0014 0.0014 

Surface temperature East wall [°C] 13.8 13.4 

Surface temperature North wall [°C] 23.1 22.7 

Surface temperature South wall [°C] 23.2 22.7 

Surface temperature West wall [°C] 23.2 22.8 

Surface temperature Floor [°C] 23.0 24.3 

Surface temperature Ceiling [°C] 23.3 22.9 

 

4.3 Model analysis 

As part of the model analysis, a comparison was made between measurement and 

simulation results for the different type of grids (occupied chamber and empty 

chamber). These results are presented in Fig. 9a and 9b. The comparison is shown for 

Case M2 (Table 3), for the air temperature and air velocity along the height of the 

comfort stand at the right side of the subject. At this position conditions for 



downdraught are assumed worst. The results for the structured grid of the empty room 

(with UDF) show improved agreement with the measurements compared to the hybrid 

grid with manikin for both air velocity (mean deviation 4% and 20% respectively) and 

air temperature (0.2% and 1.5% respectively). For air velocity, both grids predict the 

trend. Based on this comparison the variant study is conducted with the grid of the 

empty room.  

Results for a limited grid sensitivity analysis for the empty room grid are shown in 

Figure 9c and 9d. Results again are shown for the most critical location with respect 

to downdraught. The finer grid has a double amount of cells (1.1 million cells). 

Following this experimental and grid sensitivity analysis the coarse grid is retained for 

further analysis. 

 

a 
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c d 



Fig. 9. (a) Comparison of different grid configurations with measurement results for 

air velocity at the right side of the subject; (b) Comparison of different grids with 

measurement results for air temperature at the right side of the subject; (c) 

Comparison of air velocity profile along the height at the right side of the subject 

obtained with the coarse and fine grid and (d) Comparison of air temperature profile 

along the height at the right side of the subject obtained with the coarse and fine grid 

 

5. Variant study 

The subject experiments were confined within a fixed geometry and boundary 

conditions. Therefore a numerical variant study has been conducted to analyse the rule 

of thumb for downdraught analysis outside these constraints. The developed 

numerical model has been used for this study.  

Jurelionis et al. show that higher windows cause more downdraught [35]. In existing 

downdraught studies, however, the window height is limited to 3m. Furthermore, the 

effect of downdraught is larger in case of a larger temperature difference between the 

room air and window surface [2]. Finally, the experimental results presented indicate 

an effect of the floor temperature on downdraught. Therefore, different floor 

temperatures, corresponding to low temperature heating systems, have been studied as 

well. In addition, a distinction has been made in a proportional distributed floor 

heating system and a local (near the window) denser floor heating system. The 

geometry of the climate chamber serves as basis for all models; the height has been 

increased for different variants, resulting in two additional configurations (5.4m and 

8.1m height) with respectively 0.8 and 1.1 million cells. 

 

  



5.1 Variants 

In total 8 variants have been studied (Table 4), applying window height, window 

temperature and floor temperature as variables. Case M2 is used for the validation of 

the numerical model (Section 4). Wall temperatures have been defined to arrive at 

(nearly) similar winter indoor operative temperatures. 

 

Table 4.  Overview of different variants 

Variant Room 

dimensions 

(LxWxH*) 

Window 

height 

Window 

temperature 

Floor 

temperature 

Wall 

temperature 

Operative 

temperature

C1 5.4 x 3.6 x 2.7 m³ 2.7m 13°C 26.0°C  19.6°C  21.5°C 

C2 5.4 x 3.6 x 2.7 m³ 2.7m 13°C 21.0°C 23.0°C 21.0°C 

V1 5.4 x 3.6 x 5.4 m³ 5.4m 19°C  21.0 °C 21.6°C  21.0°C 

V2 5.4 x 3.6 x 5.4 m³ 5.4m 16°C  26.0°C  20.3°C  21.5°C 

V3 5.4 x 3.6 x 5.4 m³ 5.4m 16°C  21.0°C  22.4°C  21.0°C 

V4 5.4 x 3.6 x 5.4 m³ 5.4m 13°C 26.0°C  20.8°C  21.5°C 

V5 5.4 x 3.6 x 5.4 m³ 5.4m 13°C 21.0°C 23.2°C 21.0°C 

V6 5.4 x 3.6 x 5.4 m³ 5.4m 13°C 26°C+30°C 20.6°C 22.0°C 

V7 5.4 x 3.6 x 8.1 m³ 8.1m 13°C 21.0°C 23.3°C 21.0°C 

 

  



5.2 Results 

Fig.10a and 10b indicate the positions for which results are presented and compared. 

Comparison is done for window height, window temperature and floor temperature. 

 

a 

 

b 

 

Fig. 10. Different positions for which the variants are compared (a) floor plan and 

(b) Cross section AA’ 

 

The velocity magnitude along the height and width is significantly (P<0.01) 

influenced by the window height (variant C2, V5 and V7). Largest increase in 

velocity is found near the floor (Fig. 11a) at the interface of the living zone (distance 

to window: 1m). The temperature of the window significantly (P<0.01) influenced 

both velocity magnitude and air temperature distribution along the height and width of 

the room. Largest increase in both air velocity and air temperature (Fig. 11b) were 

found near the floor as well. An increase in floor temperature (Fig. 11c) caused a 

significant (P<0.01) increase in air velocity near the floor for both an equally 

distributed floor temperature (V4) and a local (near the window) warmer floor 

temperature (V6). In comparison to a floor temperature of 21°C (V5) the air velocity 



increases up to a maximum average air velocity near the floor of 0.31 m/s in variant 

V6.  Note that in this case again flow instability was observed in the transient 

simulation results. The average air velocities over the height of the room (from 0.5m) 

do not differ significantly (p>0.05) for the different floor temperatures.  

 

a b 

c 

 

 

Fig. 11. Influence of different (a) window heights, (b) window temperatures and (c) 

floor temperatures on resulting air velocity near the floor in relation to the distance to 

the window 

 

 
Thermal comfort  

Thermal comfort level is assessed using NEN-EN-ISO 7730 [14]. The whole body 

thermal sensation indices are calculated [Predicted Mean vote (PMV) and Predicted 



Percentage Dissatisfied (PPD)], as well as the predicted percentage dissatisfied (PD) 

due to local discomfort (caused by respectively draught (DR), a temperature gradient, 

a relative high floor temperature and radiant asymmetry). The results for the different 

indices are presented in Table 5. Fig. 12 visualizes the draught rate for cross section 

AA’ (Fig. 11a) for variant V4 (floor temperature is 26°C) and V5 (floor temperature is 

21°C). The results indicate that highest draught rates are present near the floor and are 

higher for a higher floor temperature. 

 
Table 5. Results of global and local thermal comfort indices for the different variants, 

PMV represents predicted mean vote, PPD represents predicted percentage 

dissatisfied and PD represents percentage dissatisfied 

Variant 

PMV* 

[-] 

PPD* 

[%] 

PD* 

Draught

Rate 

[%] 

PD* 

 Temp. 

gradient 

[%] 

PD* 

Floor 

temp. 

[%] 

PD* 

Radiant 

asymm. 

[%] 

C1 0.27 5.2 5.0 0.2 6.8 0.8 

C2 0.38 5.4 0.0 0.1 7.1 1.1 

V1 0.42 5.5 0.0 0.2 7.1 0.2 

V2 0.32 5.2 4.9 0.2 6.8 0.5 

V3 0.37 5.3 0.0 0.2 7.1 0.6 

V4 0.26 5.2 6.1 0.1 6.8 1.0 

V5 0.31 5.2 2.4 0.1 7.1 1.3 

V6 0.33 5.3 7.0 0.1 6.8 0.7 

V7 0.29 5.2 3.7 0.1 7.1 1.3 

* Values are presented as mean 

  



 

 

Fig. 12. Draught rates on cross section AA’; left: V4 (floor temperature 26°C) and 

right: V5 (floor temperature 21°C) 

 

Applicability rule of thumb 

Whether the variants are allowed according to the rule of thumb of Olesen [1] is 

presented in Table 6, the variants are assessed for a maximum allowed air velocity of 

0.18 m/s. The U-value of the glass (Uglass) is calculated according to equation 3. Based 

on the rule of thumb, only variant V1 (with a window temperature of 19°C) will not 

present a downdraught risk. Furthermore, the rule of thumb assumes lower values for 

the variants with floor heating. This indicates less risk on downdraught compared to 

variants without floor heating. The air velocity and draught rate in the variants with 

floor heating however are higher. 

 

  



Table 6. Assessment of variants using the rule of thumb of Olesen [1] 

Variant Uglass*h 

[-] 

Allowed 

C1 4.9 No 

C2 5.3 No 

V1 2.7 Yes 

V2 6.0 No 

V3 6.6 No 

V4 9.5 No 

V5 10.4 No 

V6 9.7 No 

V7 15.6 No 

 

5.3 Discussion on variant study 

The numerical results show fluctuations in air temperature and air velocity, indicated 

by the error bars in the results, due to a time-dependent flow pattern. These 

fluctuations were observed in both cases (C1 and C2) and all variants (V1-V7). 

According to Rees et al. complex quasi periodic fluctuations can occur under 

stationary boundary conditions [36]. However, the measurement period per 

measurement position (5 minutes) for the calibration measurements was too short to 

capture one whole period of the fluctuation. Nevertheless, as the trend is predicted 

well and mean deviations are limited it is concluded that the model is valid to perform 

a variant study. 

 

The results from the variant study confirm the results of previous studies on 



downdraught (e.g. [37] and [35]) that window height and window temperature 

significantly influence downdraught. Although Huizenga et al. [4] concluded that cold 

radiant asymmetry can cause discomfort, based on the presented numerical results 

discomfort due to radiant asymmetry was assessed low in the variant study when 

applying NEN-EN-ISO 7730 [14] (Table 5). 

 

To the best of our knowledge, no studies on downdraught have included floor 

temperature as significant influencing parameter. Yet, the numerical results show that 

floor temperature influences the air flow pattern negatively with respect to 

downdraught. The warmer floor (+5°C) caused the maximum air velocity to increase 

by a factor two close to the floor due to buoyant forces. It should be marked that the 

floor heating variants have wall temperatures lower than room air temperature (max. 

ΔT of 0.9°C) and the variants with a floor of 21.0°C have warmer walls compared to 

the room air (max. ΔT = 2.5°C). This was necessary to achieve and maintain similar 

operative temperatures. In spite of this difference, the colder walls (compared to the 

air temperature) did not result in additional downdraught, the air flow near these walls 

is still upwards. However, the wall temperature can influence the air flow in the rest 

of the room. The effect of floor heating on air flow was confirmed by the 

measurement results. However, during the measurements these differences were 

relatively small but significant (23.0°C versus 24.3°C for case S1 and S2 respectively). 

It is recommended to validate these results further with experimental measurements. 

 

  



6. Discussion on applicability of a rule of thumb to prevent downdraught 

Compared to the NEN-EN-ISO 7730 [14] guidelines, as applied to the investigated 

numerical variant, the rule of thumb is conservative. All but one case (variant V1) are 

regarded as downdraught risk, based on the rule of thumb of Olesen [1]. This is 

because the maximum occurring air velocity is higher than 0.15 m/s in most variants. 

However, this maximum value occurs within one meter from the window at floor 

level (i.e. outside the living area, Fig 1d) and decreases rapidly. When the maximum 

occurring Draught Rate (DR) is considered, the same design conclusions are obtained 

as with the rule of thumb. Only Numerical variant 1 (V1) with 19°C window 

temperature is assessed as acceptable (maximum DR<20%). When including the 

obtained results from the subject experiments in the discussion (S1 and S2 in line with 

M1 and M2), the rule of thumb and DR seem to be too conservative since according 

to the rule of thumb the conditions would not be allowed. However, the subjective 

responses indicate no thermal discomfort.  

It should be noticed that DR is developed for draught at neck level and, based on the 

results obtained, overestimates the Percentage Dissatisfied (PD) due to draught at foot 

level. DR should differentiate in the location where draught is expected. 

Finally, the rule of thumb and the maximum DR show a different trend. Considering 

the rule of thumb, the temperature difference between the room air and window 

decreases with floor heating (for the variants) which assumed a lower maximum air 

velocity and thus more comfortable conditions. However, DR predicts a higher PD for 

the floor heating variants as a result of the increased velocity at floor level. Therefore 

the authors recommend to further study the effect of floor heating on downdraught 

and perhaps include the floor temperature as influencing parameter in the rule of 

thumb.  



7. Conclusions 

Based on both experimental and numerical results the rule of thumb for assessing the 

risk of downdraught [1], often used by engineers in practice, is conservative for the 

investigated experimental cases. This results in unnecessary measures to prevent the 

expected downdraught. Furthermore, the numerical results reveal that an increased 

floor temperature (i.e. floor heating) can negatively influence the air flow pattern, 

which results in more downdraught. Therefore, it is recommenced to implement the 

floor temperature as influencing parameter in the rule of thumb and to study the 

allowed comfort limits. 

Further research should focus on comfort assessment at ankle level under 

downdraught configurations, for example a Percentage Dissatisfied due to draught at 

ankle level instead of a PD at neck level.  

Finally, more research is needed regarding the instability which can occur in the 

indoor air velocity pattern and the influence on thermal comfort. 
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