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Practical application 
The ventilation efficiency is an air quality indicator, which shows the sufficiency of a 
ventilation system and that has been assessed in several studies considering different 
room dimensions, location of the supply and the exhaust and variation of the indoor 
conditions of relative humidity and temperature. However, the position of diverse 
elements inside a room, such as furniture, has influence on the air movement and 
therefore, on the ventilation efficiency. Thus, it is important to assess the effect caused by 
the furniture located indoors, which is under concern of this study. 

Introduction 
Today, in industrialized countries, people spend between 80% and 90% of the time 
indoors [1] and, depending on the person, the presence at home varies between 60% and 
90% of the day, 30% of that time is spent sleeping [2, 3]. For this reason, indoor air 
quality (IAQ), especially in residential buildings, greatly influences human health. 
Therefore, it is essential to design a suitable ventilation which guarantees a good IAQ 
and, in turn, meets the requirements of comfort and energy efficiency. Energy saving in 
ventilation has a great potential since, through a more efficient ventilation strategy, 
consumption can be reduced by 5-9% of the total primary energy consumption. In the 
E.U., 40% of the energy consumed is due to the air conditioning and lighting of buildings 
[4-8]; more precisely, the energy consumed in households represents 25.4%; the 
electricity consumption represents 25% of that percentage. 

The most widespread strategies to improve IAQ are, in addition to the increase in 
fresh air supply, controlling the emission of pollutants, cleaning the air and/or improving 
ventilation efficiency; the latter is within the scope of this study. Ventilation efficiency is 
an air quality indicator which reflects the fresh air distribution within the space; thus, it 
shows a qualitative measure of the performance of the ventilation system. As shown in 
previous studies, ventilation efficiency depends on the flow pattern [9, 10], as it shows to 
what extent an occupied area is properly ventilated compared to the piston flow model 
(optimum theoretical model, with an efficiency of 100%). In order to characterize the 
flow patterns, it is necessary to carry out a previous age-of-the-air assessment, since it 
shows the location of the stagnant-air zones in a room considering that the age of the air 
at the inlet is equal to zero (100% fresh). 

The way air flows inside a room follows multiple paths, for this reason the air 
must be studied from a statistical point of view. In this context, the room mean age of the 
air (RMA) and the local mean age of air (LMA), parameters directly related to the air 
path, must be evaluated. RMA is the average time it takes for the air particles in a room 
to leave since they enter through the inlet. LMA is the statistical value which shows the 



mean value of the age of the air and it is defined as the average time taken by all the 
particles of the supplied air to move from the inlet no any point of interest [10]. 

Ventilation efficiency is determined by comparing the existing flow model in the 
case study with the piston flow model [10]. Therefore, the efficiency is the result of the 
relationship between LMA at the outlet and twice the RMA, since it is an arithmetic 
mean, according to equation 1. 

 
𝜀𝑎 = 𝜏𝑒

2·〈𝜏�〉
· 100  (1) 

Where εa is ventilation efficiency (%), τe is LMA at the outlet (s) and 〈𝜏̅〉 is RMA 
(s).  

The perfect mixing flow model (ventilation efficiency of 50%) is adopted in all 
national regulations as the best possible. However, the most common flow model, 
especially in homes, is the short-circuiting model (ventilation efficiency below 50%) 
which indicates the existence of an insufficient level of ventilation and, therefore, the 
need to increase the fresh-air supply or to use architectonic design techniques in order to 
avoid the emergence of stagnant-air zones and thus improve the ventilation efficiency. 

LMA and RMA are calculated by means of experimental analysis using tracer gas 
methods and numerical analysis using computational fluid dynamics (CFD) techniques. 
The experimental approach consists of injecting a tracer gas into a single space, marking 
the indoor air, and continuously recording the gas concentration at different points of 
study. Thus, it is possible to differentiate the air present in the room from the fresh air 
entering the space. Tracer gas techniques can be carried out according to tracer decay, 
constant tracer concentration and constant tracer injection methods [11]. 

LMA can be also assessed by numerical analysis, provided that it is validated by 
the experimental analysis. According to Chanteloup and Mirade (2009) [12], there are 
three strategies to be followed in order to calculate LMA: transient method, steady-state 
method and particle marker method. The first two are the most reliable for the calculation 
of LMA as stated by Li et al. (1992) [13]. Previous numerical studies [14-18] have 
developed an assessment of the ventilation efficiency using the steady-state method by 
solving a user-defined partial differential equation to describe the transport of the “age of 
the air” scalar. However, former research on ventilation efficiency optimization 
according to the arrangement of elements (furniture) within an enclosure is not found in 
the literature. The path followed by the ventilation airflow is affected by the presence of 
furniture, since RMA and LMA values are modified with regard to the empty room (ER) 
and, therefore, the efficiency is disrupted.  

The objective of this study was to carry out a characterization of the ventilation 
efficiency in a 30 m3 room, under isothermal conditions, considering 47 different 
dispositions of furniture. A numerical study of the age of the air using both the steady-
state method and a user-defined function (UDF) was developed. The numerical analysis 
was validated through the tracer gas decay technique. 



Methodology 

Steady-state numerical method 

The numerical study was developed using Fluent 17 (CFD code) to solve the transport 
equation for a user defined scalar (UDS). This way, the calculation of LMA was 
implemented in the code, allowing the study of the age of the air distribution and the 
ventilation efficiency assessment. to calculate the transport of an arbitrary scalar Φi, it 
was necessary to solve an additional convection-diffusion equation [12, 19], according to 
equation 2: 
𝜕𝜕𝜕𝑖
𝜕𝜕

− 𝛻 · (𝛤𝑖𝛻𝛷𝑖) = 𝑆𝛷𝑖  
(2) 

In this study, we considered steady-state conditions, where the age of the air is 
assumed as a passive quantity which does not affect flow patterns. Consequently, 
equation 2 acquires the following simplified form (equation 3): 

𝑆𝛷𝑖 =  𝛻 · (𝜌𝑣⃗𝛷𝑖 − 𝛤𝑖𝛻𝛷𝑖)  (3) 

Where 𝜌 is the density of the fluid (kg·m3); 𝜐 is the velocity of the fluid (m·s-1); 
Φi is the age of the air (τi) or the scalar to be calculated; 𝞒Φi is the diffusion coefficient of 
the scalar, which depends on the effective viscosity of the air (𝜇eff) according to equation 
4; and SΦi is the source term of the scalar which is generally considered equal to 1 [15, 
20, 21].  

𝛤𝜏𝜏 = 2.88 · 10−5𝜌 + 𝜇𝑒𝑒𝑒
0.7

   (4) 

Implementation and validation of the numerical analysis 

The numerical method was included in the CFD code Fluent through UDF. This is a 
predefined function in programming language C which can be linked to the Fluent solver, 
thus the standard functions of the CFD code can be improved. The accuracy of the 
programming of the UDF, and therefore the validation of the numerical model, was 
verified through the tracer gas concentration decay technique.  

The experimental tests were carried out in the test chamber of the Ventilation 
Laboratory of the School of Architecture of Valladolid [22, 23]. The chamber is 3.00 m x 
4.00 m base and 2.50 m height; it has an inlet of 0.40 m x 0.01 m (40 cm2) and an outlet, 
in the contiguous wall, of 0.70 m x 0.01143 m (80 cm2), as shown in figure 1.  

The characteristics of the test chamber (dimensions and inlet and outlet) are the 
same as those used to define the interior space of the single bedroom which has been 
assessed numerically. To develop the validation, the furniture (built with cardboard) 
considered in the numerical simulations was included in the chamber (figure 2). 



 
Figure 1. Test chamber dimensions (in meters) 

  
Figure 2. Furniture included in the test chamber 

The test consisted of the tracer gas injection, in this case sulfur hexafluoride 
(SF6), to mark the air inside the enclosure until reaching a known concentration of tracer 
gas, then the injection is stopped and the rate at which the air exchange replaces the entire 
marked air is determined. 9 points were set in the chamber in order to develop the 
experimental analysis (EA) and to find an average value for LMA, each of the 9 points 
were sampled three times (A, B, C) at two different heights: 2.00 m (UP) and 0.75 m 
(DOWN). This average was compared with the corresponding result of LMA from the 
numerical analysis (NA). A difference of less than 10% was found between the numerical 
and the experimental analysis (table 1). It is, therefore, a correct correlation considering 
similar investigations [24-26] which reach a difference around 20%. It was also 
demonstrated that the validation process and the tracer gas technique employed were 
adequate. 



Table 1. Age-of-the-air (s) from the experimental and the numerical analysis 

 

UP (2.00 m) DOWN (0.75 m) 

CASE NA (UP) EA  (UP) % dif %DIF  NA (DOWN) EA (DOWN) % dif  %DIF 

1A 

5864.48 

5514.65 5.97 

6.26 5764.99 

5223.07 9.40 

5.47 1B 5536.69 5.59 5584.22 3.14 

1C 5440.27 7.23 5541.93 3.87 

2A 

5930.84 

5254.43 11.40 

9.02 5702.33 

5715.64 -0.23 

3.61 2B 5287.73 10.84 5355.90 6.08 

2C 5645.87 4.80 5418.57 4.98 

3A 

5947.62 

5254.10 11.66 

9.85 5813.42 

5362.74 7.75 

8.55 3B 5423.05 8.82 5343.48 8.08 

3C 5408.97 9.06 5242.89 9.81 

4A 

5497.48 

5404.55 1.69 

5.20 5630.81 

5267.43 6.45 

7.40 4B 5090.71 7.40 5131.62 8.87 

4C 5140.07 6.50 5243.68 6.88 

5A 

5330.28 

5228.25 1.91 

4.05 5588.01 

5206.34 6.83 

6.05 5B 4871.88 8.60 5365.26 3.99 

5C 5243.53 1.63 5178.74 7.32 

6A 

5693.93 

5145.24 9.64 

5.45 5891.19 

5366.40 8.91 

9.65 6B 5467.32 3.98 5387.68 8.55 

6C 5538.97 2.72 5213.16 11.51 

7A 

5727.55 

5409.21 5.56 

7.54 5661.19 

5412.50 4.39 

6.08 7B 5379.60 6.07 5134.22 9.31 

7C 5098.55 10.98 5403.88 4.55 

8A 5942.93 5357.85 9.84 9.46 5656.96 5283.47 6.60 6.01 



8B 5504.64 7.37 5319.19 5.97 

8C 5279.79 11.16 5348.75 5.45 

9A 

5786.82 

5250.81 9.26 

8.87 5677.39 

5281.90 6.97 

6.85 9B 5280.23 8.75 5256.43 7.41 

9C 5289.11 8.60 5326.66 6.18 
 

CFD numerical analysis 

Case studies description  
The ventilation efficiency of 47 case studies was assessed considering different elements 
of furniture (A-F) and different dispositions of the same (1-8) in a single bedroom. The 
study was started by including a single bed (A) in the room and placing it, according to 
architecturally acceptable criteria, at different points in the room (1-8). Subsequently, a 
bedside table (B) was added and placed according to the previous arrangements 
considered for the bed (1-8) and so on with the closet (C), the shelf (D), the desk (E) and 
the chair (F). Figure 3 shows each of the dispositions studied. Additionally, the 
ventilation efficiency in the ER, without furniture elements, was calculated to compare 
the result with the previously assessed case studies. 

The furniture considered in this research consisted of simple geometries and 
standard dimensions, as shown in figure 3. The shelf was modelled as a solid prism, with 
no gaps, since it usually contains books and additional objects that almost completely fill 
the empty spaces of the furniture. The same thing happens with the closet and the bedside 
table, also represented by solid prisms since, generally, the opening of its doors and 
drawers is sporadic, lacking of both interest and impact in the investigation. 

 
 
 
 

 

 

 



 
Figure 3.  47 case studies according to several elements and their arrangements 



Mesh generation 
The 3D geometric model was created in the ANSYS DesignModeler pre-processor and 
the mesh, in the ANSYS Meshing pre-processor. Figure 4 shows the grid used for the 
case A7. 

  
Figure 4. Mesh used for the case A7 

A computational saving criterion for mesh construction was followed, so that 
500000 elements and 600000 nodes were not exceeded in any model, assigning a higher 
mesh density at the inlet, outlet and singular elements of the geometry.  

A hexahedral mesh was created in all the case studies, since they contain a simple 
geometry, through the Cartesian meshing method Cutcell. The Orthogonal Quality (OQ) 
criterion was used to check the quality of the mesh. In all cases, as shown in figure 5, the 
mean is above 0.95, so the meshing is optimal [27].  

 
 

Figure 5. Number of nodes, elements and mesh quality of the case studies and the E.R 



Model set-up and input data 
The flows in ventilation systems, in particular in the interior of a bedroom, are highly 
turbulent. To simulate these flows, Reynolds Average Navier-Stokes (RANS) [27] and 
specifically the two-equations models (k-ɛ) were used, since they have a high level of 
adaptation to different types of problems and a high accuracy in the results. In order to 
achieve a convergence solution and a high precision in the solution, a continuous 
simulation process was followed, carrying out the calculation by means of the three 
turbulence models in succession: Standard k-ɛ, RNG k-ɛ and RKE [18, 28], setting 10000 
iterations per model. This approach has been extensively justified in previous work [18]. 

In this investigation it was assumed that the air was in thermal equilibrium with 
the walls, floor, ceiling and furniture of the room (isothermal conditions). The air density 
was established at 1.225 kg/m3 and its dynamic viscosity at 1.7894·10-5 kg/(m·s). With 
respect to the boundary conditions, a constant exhaust-air velocity at the outlet (door) of 
0.625 m/s, which corresponds to a ventilation flow of 5 l/s (according to the Spanish 
regulation for a single bedroom [29]), was set. The default value of 5% was chosen for 
the turbulence intensity, since it is considered sufficient for the nominal turbulence, and a 
turbulence scale length of 0.01 (normalized).  

In short, and according to the established methodology, this study aimed to show 
an optimization of the ventilation efficiency in a given room according to the 
arrangement of the furniture. To this end, a CFD numerical analysis, validated by means 
of the tracer gas concentration method, was used in order to assess the distribution of the 
age of the air within the space. 

Results 

Age of the air distribution 

Empty room (ER) 
 
A ventilation flow of 5 l/s of fresh air was supplied through the inlet and, therefore, with 
an age of the air equal to zero at the entry point to the bedroom. Due to both the Coanda 
effect [24, 30, 31] and the finding of no obstacles (such as, for example, furniture 
elements), the air flow adhered to the contour surfaces of the room; first to the ceiling and 
later it was spread by the wall opposite to the one of the inlet. Therefore, the air volumes 
close to these surfaces had a lower age of the air than the rest of the space, as shown in 
figure 6. Finally, the air exchange flow was distributed in the space, obtaining a RMA of 
6097.98 s and a LMA at the outlet of 5992.27 s. 
 



 

Figure 6. Age-of-the-air distribution (seconds) within the ER 

Case studies with different furniture arrangements 
The form of air circulation in ER was repeated in the other case studies, although with the 
influence (positive or negative) of the furniture on the age of the air of the enclosure. 
Figures 7.a. and 7.b. show the age of the air distribution (seconds) of the case studies 
arranged by elements considered (A-F) and by configurations (1-8). To display the age of 
the air inside the room, the most representative transverse (xy) and longitudinal (zy) 
planes were chosen in each case, taking into account the influence of the furniture present 
in the room on the efficiency of ventilation. Figures 7.a. and 7.b. therefore represent the 
areas of higher and lower air stagnation which arise as a consequence of the addition of 
furniture elements within the space.  

There is a clear and logical tendency towards a lower age of the air, as the volume 
of the fluid decreased, through the addition of furniture. Thus, from configuration A to 
configuration F, there was a reduction in the age of the air values, as shown in figure 7. 
However, there were cases such as B-8 that did not follow that tendency, having stagnant 
zones which caused a high age of the air. 

The cases A (bed) and B (bed and bedside table) presented a similar air flow 
between them. This was because, in B, the furniture was represented as a single volume, 
since both objects are usually placed contiguously in a bedroom. Therefore, in such cases 
and as shown in table 2, it can be seen that configuration 2 was the one with a lower age 
of the air in areas of stagnation: 6160 s in configuration A and 6110 s in B. However, the 
cases that presented the highest age of the air in stagnant zones were A-7 (6570 s) and B-
4 (6530 s), but very close to B-7 (6510 s); this was due to the fact that, being the bedside 
table higher than the bed, it generated in B-4 a zone of flow restriction which increased 
the age of the air. In case C, the closet was added, isolated from the other volumes, being 
C-8 the case of lower age of the air (6080 s) and C-7 the one of greater age of the air 
(7050 s), where there was a zone of stagnation on the closet. 

 



 
Figure 7.a) Age-of-the-air distribution (seconds). A, B and C arrangements 



 
Figure 7.b) Age-of-the-air distribution (seconds). D, E and F arrangements 



In short, whenever the arrangement of the furniture benefits the movement of the 
fluid, the age of the air will be lower; on the contrary, the opposite will happen when the 
furniture obstructs the air flow. Thus, as shown in table 2, the cases with lower age of the 
air in stagnant areas were D-5 (5960 s), E-8 (5940 s) and F-8 (5900 s) and the ones with 
higher age of the air were D-7 (6290 s), E-4 (6170 s) and F-1 (6430 s). 

Table 2. Age of the air (s) in the stagnant-air areas of the different case studies 

 Furniture 

A B C D E F 

1 6300 6310 6100 6090 6160 6430 

2 6160 6110 6150 6020 6010 6120 

3 6490 6510 6220 6000 5980 6020 

4 6340 6530 6200 6000 6170 6110 

5 6410 6440 6180 5960 5980 6070 

6 6350 6140 6120 6050 6050 6130 

7 6570 6510 7050 6290 6060 6310 

8 - 6480 6080 6010 5940 5900 

Figure 7 confirms that, when discounting the volume of the air corresponding to 
the furniture of the room, RMA and LMA values were reduced. For each configuration 
according to the furniture considered (A-F), LMA values at the outlet were practically 
constant, while RMA had a higher fluctuation. The existing relationship between these 
values (RMA and LMA) determines the efficiency of ventilation, since the closer they are 
to each other, the greater the ventilation efficiency is and vice versa (figures 8 and 9). 
Figure 9 shows the ventilation efficiency of all the case studies; the ones having the 
highest efficiency (above 49.5%) were A-2, B-2 and B-6; while the ones with the lowest 
efficiency (less than 47.5%) were B-4, B-5 and D-2. 



 

Figure 8. RMA and LMA at the outlet in both the 47 case studies and the ER 
 

 

Figure 9. RMA and LMA at the outlet in both the 47 case studies and the ER 

Discussion 
In configurations A and B, the efficiency of all its cases has a greater fluctuation, with a 
difference, in A, of 3.65% between the cases with the highest and the lowest ventilation 
efficiency; and another of 6.08% in configuration B. From the configurations in C 
onwards, after introducing the closet and, therefore, reducing the air volume of the space, 
the difference between the cases with the highest and the lowest efficiency is smaller. In 
C, these difference is of 1.35%; in D, of 1.68%; in E, of 1.76%; in F, of 1.46%. Thus, the 
variation of the ventilation efficiency for each category (A-F) is reduced when the closet 
(C) is introduced. 

Three of the case studies have a higher efficiency than the one of ER (of 49.13%): 
A-2 (49.69% of efficiency), B-2 (49.89% of efficiency) and B-6 (49.57% of efficiency); 
thus, it is demonstrated that there are furniture arrangements which facilitate the air flow 
and even improve it with respect to empty spaces. Cases B-4, B-5 and D-2 differ by more 
than 4% from ER; B-4 has the highest difference, with 4.63%; all other cases have an 
efficiency which keeps a difference of less than 3% with regard to ER. 



The cases of better efficiency (A-2, B-2 and B-6) have as a common characteristic 
that the furniture included in them occupies the corner shared by the wall where the inlet 
is located and the wall contrary to the outlet, which facilitates the movement of the air 
towards the exhaust reducing, in turn, the ability to form stagnant air masses. In addition, 
the elements introduced have low height, since they do not exceed 0.50 m. 

In cases of poorer efficiency (B-4 and B-5), the corner that is shared by the wall 
of the inlet with the one of the outlet is occupied (Fig. 3), hindering the movement of the 
air and creating areas of stagnation (Fig. 7.a.). Finally, in the case D-2, which shares the 
same configuration with B-2 (case of highest efficiency) but includes the closet and the 
shelf in the corner shared by the contiguous wall to the inlet and the contiguous wall to 
the outlet (Fig. 3); when adding these elements, the air flow is hampered, characterizing 
this case as one with the worst ventilation efficiency (47.11%) among those studied in 
this research (Fig. 9).  

The literature on ventilation efficiency and air distribution in an enclosure is 
extensive [32-34], especially focused on the use of CFD techniques to assess ventilation 
systems and air flow distribution [35-40], type of space [30, 40, 41], position and size of 
both inlet and outlet [18, 20, 42, 43] and influence of the occupants [37, 44]. However, 
unlike such previous research, this study focuses on evaluating the ventilation efficiency 
according to the arrangement of furniture elements in a single space fixing the size and 
location of both the supply and the exhaust opening; in this particular field there are no 
examples in the literature. Additionally, it should be noted that the influence of the 
presence of furniture and its disposition on the ventilation efficiency is an important 
parameter to be considered, as shown in the outcomes of this study. 

 Conclusions 
In this research, CFD techniques, validated by the tracer gas decay technique, were used 
to assess the ventilation efficiency in 47 isothermal cases. These cases differ according to 
the variation, in the same space (single bedroom), of the dispositions of furniture, in order 
to study the influence of the same on the air distribution within the enclosure. The 
process carried out in this study and the results obtained are useful to understand which 
the best arrangement of elements inside the bedroom is, in the sense that it can facilitate 
the air exchange. 

According to the values of ventilation efficiency achieved, although it is not 
statistically significant, an improvement up to 1.65% in the ventilation efficiency 
concerning an empty room is achieved when the elements are introduced in a way that 
facilitates the air movement towards the exhaust, including them in the opposite wall to 
the outlet and close to the inlet. However, there are exceptions which require the 
development of an exhaustive study of the space, using CFD techniques in this case, to 
detect areas of stagnation. 

It is concluded that there are certain furniture arrangements which are advisable to 
be avoided, in this study those dispositions would especially be the configurations where 
there is low-height furniture (bed and bedside table) in the corner that is shared by the 



wall where the inlet is located and the wall where the outlet is placed. According to this 
study, these arrangements suppose a difference up to than 4.6% with regard to the empty 
room; however, it is not statistically significant. 

In future research, a comprehensive study of the influence of temperature and 
velocity parameters on the distribution of the age of the air within an enclosure is 
planned. In addition, it is intended to assess the air distribution considering not only 
criteria related to energy efficiency but also the quality of the indoor air, carrying out the 
evaluation of the behavior of occupants and their breathing zone. Since the results 
achieved in this research are not statistically significant, a study of the area around to the 
bed pillow, as a point of inhalation during 8 hours of sleep, will be developed; so that, if 
there is no sufficient air exchange in that area, it is more harmful to health than if it 
occurs at another point; in addition, the absence of movement of the sleeper makes the air 
to be basically exchanged by the indoor air flow pattern 

Acknowledgements 
Thanks are due to Arie Group from E.P.S. Universidad CEU San Pablo; G.I.R. 
Arquitectura & Energía from E.T.S. Arquitectura, Universidad de Valladolid; and the 
International Centre for Indoor Environment and Energy (ICIEE) from DTU for the 
guidance provided. We thank San Pablo CEU University Foundation for the pre-doctoral 
scholarship granted to co-author in its FPI Program. Lastly, we thank both CEINDO CEU 
and Banco Santander for the international mobility scholarship granted to co-author to 
develop an external stay at ICIEE. 
 

Funding 
The authors received no financial support for the research, authorship, and/or publication 
of this article. 
 

References 
1. Klepeis NE, Nelson WC, Ott WR, Robinson JP, Tsang AM, Switzer P, et al. The 

National Human Activity Pattern Survey (NHAPS): a resource for assessing 

exposure to environmental pollutants. Journal of Exposure Science and 

Environmental Epidemiology 2001;11(3):231.  

2. Wargocki P. Ventilation, Indoor Air Quality, Health, and Productivity. Ergonomic 

Workplace Design for Health, Wellness, and Productivity: CRC Press; 2016. 



3. Wouter Borsboom T, De Gids NW, Logue J, Sherman M, Wargocki P. Technical 

Note AIVC 68 Residential Ventilation and Health. INIVE EEIG, Belgium 2016. 

4. Wargocki P. What are indoor air quality priorities for energy-efficient buildings? 

Indoor and Built Environment 2015;24(5):579-582.  

5. Cao X, Dai X, Liu J. Building energy-consumption status worldwide and the 

state-of-the-art technologies for zero-energy buildings during the past decade. 

Energy Build 2016 SEP 15 2016;128:198-213.  

6. Sherman M, Matson N. Residential ventilation and energy characteristics. 

ATLANTA; 1791 TULLIE CIRCLE NE, ATLANTA, GA 30329: AMER SOC 

HEATING, REFRIGERATING AND AIR-CONDITIONING ENGS; 1997.   

7. Axley, JW. Residential passive ventilation systems: Evaluation and design. Air 

Infiltration and Ventilation Center, Tech Note, 54. 2001 

8. EUROSTAT. Final energy consumption by sector. Accessed 14 September 2017  

http://ec.europa.eu/eurostat/tgm/table.do?tab=table&init=1&language=en&pcode

=tsdpc320&plugin=1 

9. Chung KC, Hsu SP. Effect of ventilation pattern on room air and contaminant 

distribution. Build Environ 2001 NOV 2001;36(9):989-998.  

10. Meiss A, Feijo-Munoz J, Garcia-Fuentes MA. Age-of-the-air in rooms according 

to the environmental condition of temperature: A case study. Energy Build 2013 

DEC 2013;67:88-96.  

11. Etheridge DW, Sandberg M. Building ventilation: theory and measurement. : 

John Wiley & Sons Chichester; 1996.  

12. Chanteloup V, Mirade P. Computational fluid dynamics (CFD) modelling of local 

mean age of air distribution in forced-ventilation food plants. J Food Eng 2009 

JAN 2009;90(1):90-103.  



13. Li Y, Fuchs L, & Holmberg S, Methods for predicting air change efficiency. 

Proceedings of the 3rd International Conference on Air Distribution in Rooms, 

Aalborg, Denmark; 1992. 

14. Roos A, The air exchange efficiency of the desk displacement ventilation concept 

theory, measurements and simulations. International conference on air distribution 

in rooms; 1998. 

15. Hu SC, Chuah YK. Deterministic simulation and assessment of air-recirculation 

performance of unidirectional-flow cleanrooms that incorporate age of air 

concept. Build Environ 2003 APR 2003;38(4):563-570.  

16. Chang H, Kato S, Chikamoto T. Room air distribution and indoor air quality of 

hybrid air conditioning system based on natural and mechanical ventilation in an 

office. International Journal of Ventilation 2003;2(1):65-75.  

17. Noh K, Han C, Oh M. Effect of the airflow rate of a ceiling type air-conditioner 

on ventilation effectiveness in a lecture room. Int J Refrig 2008;31(2):180-188.  

18. Meiss A. Estudio de la eficiencia de la ventilación en viviendas a partir de 

parámetros de diseño arquitectónico; 2009.  

19. Gan G, & Awbi H, Numerical prediction of the age of air in ventilated rooms. 

Proceedings of 4th International Conference on Air Distribution in Rooms, 

Krakow, Poland; 1994. 

20. Gan GH. Effective depth of fresh air distribution in rooms with single-sided 

natural ventilation. Energy Build 2000 JAN 2000;31(1):65-73.  

21. Bartak M, Cermak M, Clarke J, Denev J, Drkal F, Lain M, Stankov P. 

Experimental and numerical study of local mean age of air. In: Proceedings of the 

7th International Building Performance Simultion Association (IBPSA) 

Conference, Rio de Janeiro, Brazil. 2001 



22. Universidad de Valladolid. Web page of the Ventilation Laboratory HS3 in the 

School of Architecture. 2017; Available at: http://www.ventilacion.uva.es/. 

Accessed 07/18, 2017.  

23. Camino Olea, Feijo Muñoz, Basterra Otero, Carbayo Baz, García Barrero, 2005). 

24. Davidson L, Olsson E. Calculation of Age and Local Purging Flow-Rate in 

Rooms. Build Environ 1987 1987;22(2):111-127.  

25. Chen QY, Srebric J. A procedure for verification, validation, and reporting of 

indoor environment CFD analyses. Hvac&R Research 2002 APR 2002;8(2):201-

216.  

26. Bartak M, Cermak M, Clarke J, Denev J, Drkal F, Lain M, et al. Experimental and 

numerical study of local mean age of air. 2001.  

27. ANSYS. ANSYS Fluent User's Guide. Release 15.0. U.S.A: Ansys Inc.; 2013.  

28. Wilcox DC. Turbulence modeling for CFD. : DCW industries La Canada, CA; 

1998.  

29. Código Técnico de la edificación (CTE). Documento Básico HS3: Calidad del 

aire interior. Ministerio de Fomento del gobierno de España: Madrid, España. 

2009 

30. Mahyuddin N, Awbi HB, Essah EA. Computational fluid dynamics modelling of 

the air movement in an environmental test chamber with a respiring manikin. 

Journal of Building Performance Simulation 2015 SEP 2015;8(5):359-374.  

31. Cho Y, Awbi HB, Karimipanah T. Theoretical and experimental investigation of 

wall confluent jets ventilation and comparison with wall displacement ventilation. 

Build Environ 2008 JUN 2008;43(6):1091-1100.  

http://www.ventilacion.uva.es/


32. Sandberg M. What is Ventilation Efficiency. Build Environ 1981 1981;16(2):123-

135.  

33. Peng SH, Holmberg S, Davidson L. On the assessment of ventilation performance 

with the aid of numerical simulations. Build Environ 1997 NOV 1997;32(6):497-

508.  

34. Nielsen PV. Fifty years of CFD for room air distribution. Build Environ 2015 

SEP 2015;91:78-90.  

35. Sherman MH, Walker IS. Measured Air Distribution Effectiveness for Residential 

Mechanical Ventilation. Hvac&R Research 2009 MAR 2009;15(2):211-229.  

36. Tomasi R, Krajcik M, Simone A, Olesen BW. Experimental evaluation of air 

distribution in mechanically ventilated residential rooms: Thermal comfort and 

ventilation effectiveness. Energy Build 2013 MAY 2013;60:28-37.  

37. Krajcik M, Simone A, Olesen BW. Air distribution and ventilation effectiveness 

in an occupied room heated by warm air. Energy Build 2012 DEC 2012;55:94-

101.  

38. Li X, Cai H, Li R, Zhao Y, Ma X, Shao X. A theoretical model to calculate the 

distribution of air age in general ventilation system. Build Serv Eng Res Technol 

2012 MAY 2012;33(2):159-180.  

39. Cao G, Awbi H, Yao R, Fan Y, Siren K, Kosonen R, et al. A review of the 

performance of different ventilation and airflow distribution systems in buildings. 

Build Environ 2014 MAR 2014;73:171-186.  

40. Chow WK, Fung WY, Wong LT. Preliminary studies on a new method for 

assessing ventilation in large spaces. Build Environ 2002 FEB 2002;37(2):145-

152.  



41. Kwon K-, Lee I-, Han H-, Shin C-, Hwang H-, Hong S-, et al. Analysing 

ventilation efficiency in a test chamber using age-of-air concept and CFD 

technology. Biosystems Engineering 2011 DEC 2011;110(4):421-433.  

42. Chu C, Chiu Y-, Tsai Y, Wu S. Wind-driven natural ventilation for buildings with 

two openings on the same external wall. Energy Build 2015 DEC 1 

2015;108:365-372.  

43. Liu W, Jin M, Chen C, Chen Q. Optimization of air supply location, size, and 

parameters in enclosed environments using a computational fluid dynamics-based 

adjoint method. Journal of Building Performance Simulation 2016 MAR 

2016;9(2):149-161.  

44. Shih-Cheng H, Barber JM, Chuah YK. A CFD study for cold air distribution 

systems. ASHRAE Trans 1999;105:614.  

 
 

  



Figure 1. Test chamber dimensions (in meters)  
Figure 2. Furniture included in the test chamber 
Figure 3.  47 case studies according to several elements and their arrangements 
Figure 4. Mesh used for the case A7 
Figure 5. Number of nodes, elements and mesh quality of the case studies and the E.R 
Figure 6. Age-of-the-air distribution (seconds) within the ER 
Figure 7.a) Age-of-the-air distribution (seconds). A, B and C arrangements 
Figure 7.b) Age-of-the-air distribution (seconds). D, E and F arrangements 
Figure 8. RMA and LMA at the outlet in both the 47 case studies and the ER 
Figure 9. RMA and LMA at the outlet in both the 47 case studies and the ER 

 


