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The well-designed ventilation system ensures thermal comfort, indoor air quality and 
yield energy saving by avoiding excessive high values of Air Changes per Hour 
(ACH). Stratum ventilation has been a recently proposed air distribution system. The 
current CFD research investigates the performance of stratum ventilation in an office 
by using two values of the air change per hour, changing the exhaust location, and 
changing the supply location. In addition, the numerical model studied the 
displacement ventilation and mixing ventilation and their results were compared with 
that of stratum ventilation. The temperature, velocity distribution, CO2 
concentration, ventilation effectiveness, effective draft temperature, and air diffusion 
performance index (ADPI) are discussed for all cases.The model was built and the 
mesh was generated using gambit® 2.3.16 yielding 1.4 million cells. In addition, the 
model was simulated using Fluent® 14.  Model validation was done against 
experimental data using standard k-ε model turbulence model with acceptable 
agreement to ensure the reliability of the Computational Fluid Dynamic (CFD).From 
the research, the air change per hour (ACH) has a large effect on the stratum 
ventilation performance, and it was found that using 5 ACH gives better conditions 
in terms of thermal comfort and indoor air quality. The supply location is 
recommended to be above the occupant height to ensure that, the air reaches the 
breathing zone well. From investigating the stratum, displacement and mixing 
ventilations, the stratum ventilation provides better velocity, temperature, CO2 
concentration, ventilation effectiveness, and air diffusion performance index and 
ensures thermal comfort and indoor air quality. 
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1. INTRODUCTION 
 

The present research concerns with indoor air quality and thermal comfort under 
stratum, displacement and mixing ventilation. The air diffusion performance index 
(ADPI) and ventilation effectiveness are studied in all cases to evaluate the 
performance of the air distribution system and to check thermal comfort.Stratum 
ventilation is a recently air distribution system. The air supply is located at the side-
wall of the room.The air enters the room with high velocity to ensure that the air 
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delivered enough to the occupant breathing zone, which improves the inhaled air 
quality. 
 

1.1 Indoor Air Quality 
 

People spend more times indoors, which they exposed to air pollutants in their 
offices, schools and other indoor environments that will effect on their health. 
Exposure to these pollutants can lead to headaches, irritation in eye, nose and throat, 
difficulty breathing and Confusion. So the IAQ is closely related to occupant work 
efficiency and health. The most effective way to reduce indoor air pollution is to 
reduce or eliminate the sources. Occupants are considered as a source of 
contamination due to their activities.Carbon dioxide is an indoor pollutant emitted in 
occupant exhalation process and correlates with its metabolic activity. 
 

1.2 Thermal Comfort 
 

Thermal comfort is a condition of mind which expresses satisfaction with the 
surrounding environment, the main factors that affect on the human thermal 
comfortare air temperature, air velocity and movement, relative humidity and 
metabolic rate. 
 

1.3 Air Diffusion Performance Index (ADPI) 
 

Air diffusion performance index is calculated to evaluate the performance of the 
air distribution system and it is statically related to the local air temperature and 
velocity. Air diffusion performance index is also the percentage of the points where 
the effective draft temperature is between -1.5 K and +1 K, when the air velocity less 
than 0.36 m/s. The ADPI equal or greater 80% is acceptable. 
The effective draft temperature for mixing ventilation and displacement ventilation is 
θ edt = (tx - tc)-8(vx - 0.15) and for stratum ventilation is θedt = (tx - tc)- (vx – 1.1), where 

θedt = effective draft temperature (K), tx= local airstream temperature (℃), tc = 

average room temperature(℃), vx = local airstream speed (m/s). 

In the present research 34 points chosen in the comfort zone and using its 
temperature, and velocity to calculate the effective draft temperature, then the 
percentage of these points that in the range of [-1.5 K] and [+1 K] will calculated and 
this percentage will represent the ADPI. 

 
 

          Figure 1. Location of the points for calculating ADPI at z= 1.1 m 
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1.4 Ventilation Effectiveness 
 

Ventilation effectiveness defined by the fraction of the outdoor air delivered to 
the space that reaches the occupied zone. It is calculated to evaluate the performance 
of the ventilation system when it’s higher than unity it means that the ventilation is 
efficient, and it has the following formula: VE= (tout – tin) / (tbz – tin), where VE= 
Ventilation effectiveness, tin= supply air temperature, tbz= breathing zone air 
temperature, tout= exhausted air temperature. 
 

2. CFD Model Validation 
 

In the current research, model validation was done against experimental data done 
by [1] using standard k-ε model turbulence model toensure the reliability of the 
Computational Fluid Dynamic (CFD). 

The published model (Fig. 2) was re-built and the mesh was generated using 
gambit® 2.3.16 yielding 1400000 cells. The air enters the room with (0.2 m×0.17 m) 

supply grill and has a temperature of 21℃ and a velocity of 1.19 m/s. Heat loads of 
human, computer and lamps are 75 W, 180 W and 2×72 W, respectively. For more 
details on geometry and boundary conditions, please refer to the original published 
paper [1].The model was simulated using Fluent® 14.  Model validation was done 
against experimental data using standard k-ε model turbulence model. The simulation 
results are in acceptable agreement with experimental data as shown in Fig. 3a and 
Fig. 3. 
 
 
 

 
Figure 2.  Configuration of the office [1] 
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Figure 3a. Comparison between measured and 
present velocity profiles at line x= 2.95 m, y= 
1.45 m. 

Figure 3b. Comparison between measured and 
present velocity profiles at line x= 1.65 m, y= 
1.45 m. 

 
3. CASE STUDY DESCRIPTION 

 
The office room under investigation as shown in Fig. 4 is 3.9m*2.9m*2.6m, with a 0.60 

m*0.60 m perforated exhaust with 15.3% as the effective area ratio. The office wall is a 
constant temperature 25 °C. The seated occupant heightis 1.2 m and is treated as a wall at a 
constant temperature according to Guyton [2] and its mean skin temperature is equivalent to 
34 °C. One point source of CO2 was introduced at the height of 1.1 m of the occupant to 
simulate exhalation, the volume of the gases in dry expired air under standard conditions are 
74.5% N2, 15.7% O2, 3.6% CO2 and 6.2% H2O[2]. The volume of 0.5 liters is considered as 
the volume of an average breath per occupant, the mass flow or expired air from the 
occupants is calculated as 2*10-4 kg/s per occupant based on 20 times per minute during 
normal activity, [3]. The outdoor concentration of CO2 was found to be 510 ppm as measured 
by Cairo oil refining company (cited by [4]). The computer is 0.4m*0.4m*0.4m, the two 
lamps are 0.17m*1.24m*0.07m, and the bookshelf is 0.4m*0.8m*1.85m. Heat loads of the 
occupant, lamps and computer are 75 W, 2*72 W and 180 W, respectively [1]. For all the 
stratum ventilation (SV) system cases and the mixing ventilation system the supply grill is 
0.2m*0.17m.Cases 1and 2 (Fig. 4) have fixed parameters except for the ACH, which has the 
values of 5 and 10respectively. In case 3 the supply is at a height z=0.9m (Fig. 4). For the 
displacement ventilationsystem (DV) (case 4) the supply diffuser is 0.3m*1m (Fig. 4). In the 
mixing ventilation (MV) (case 5) the supply is at the center of the ceiling (Fig. 4).Inlet air 
velocity and temperature for all cases are summarized in Table 1. 
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Office configuration for case 1and case 2 

 
Office configuration for case 3 

 
Office configuration for case 4 

 
Office configuration for case 5 

 
Figure 4. All cases configurations 

 
Table 1. Inlet –air conditions 

 
Case ACH Inlet air 

temperature (°C) 
Inlet velocity 

(m/s) 
Case 1 5 19 1.2 
Case 2 10 19 2.4 
Case 3 5 19 1.2 

Case 4 (DV) 5 19 0.136 
Case 5 (MV) 5 19 1.2 

 
 

The converged residual for continuity equation is less than 10-5. The converged residual 
for energy equation is less than 10-6.  The converged residuals for species are less than 10-6 
.The converged residuals for momentum and k-ε turbulence equations are less than 10-3. 
 

4. RESULTS AND DISCUSSIONS 
 

The current CFD research investigates the performance of stratum ventilation in an office 
by using two values of the air change per hour, changing the exhaust location, and changing 
the supply location. In addition, the numerical model studied the displacement ventilation and 
mixing ventilation and their results were compared with that of stratum ventilation. The 
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temperature, velocity distribution, CO2 concentration, ventilation effectiveness, effective 
draft temperature, and air diffusion performance index (ADPI) are discussed for all cases. 

 
     For the stratum ventilation (case 1), the air velocity in the breathing zone is depicted in 
Fig. 5 in a horizontal plane at 1.1 m above the floor. The air stream velocities in front of and 
around the occupant are shown to have higher magnitudes than those in the other zones. The 
air velocity at the head level in front of the occupant is 0.18 m/s, which is less than the 
recommended maximum of 0.25 m/s to reduce drafts as mandated by ASHRAE [5]. The air 
temperature in the breathing zone is depicted in Fig. 6 in a horizontal plane at 1.1 m above 
the floor. The air stream temperature in front of and around the occupant is lower than that in 
the other zones. The air temperature is 24 °C at the head level in front of the occupant and is 
high around the computer (heat source). The CO2 concentration in the breathing zone is 
depicted in Fig. 7 in a horizontal plane at 1.1 m above the floor. The average concentration of 
CO2 is 638 ppm the concentration at the head level in front of the occupant is 647 ppm. The 
air diffusion performance index is 94.11% as in Table 2 and the ventilation effectiveness is 
1.3. 
 

In case 2, as shown in Fig.8, the air stream velocities in front of and around the occupant 
have higher magnitudes than those in the other zones. In addition, the maximum air velocity 
is at the spot near the supply. The air velocity at the head level in front of the occupant is 0.68 
m/s, which is higher than the recommended maximum of 0.25 m/s to reduce drafts as 
mandated by ASHRAE [5], which make the occupant uncomfortable.The air temperature in 
the breathing zone is also depicted in Fig. 9 in a horizontal plane at 1.1 m above the floor. 
The air stream temperature in front of and around the occupant is lower than that in the other 
zones.The air temperature is 22.5 °C at the head level in front of the occupant and is high 
around the computer (heat source). The CO2 concentration in the breathing zone is depicted in 
Fig. 10 in a horizontal plane at 1.1 m above the floor.The average concentration of CO2 is 
582 ppm and the concentration at the head level in front of the occupant is 555 ppm.The air 
diffusion performance index is 82.35%as in Table.3 and the ventilation effectiveness is 1.55. 
Increasing the ventilation rate (ACH) from 5ACH to 10ACH, the air velocity in the breathing 
zone exceeds the maximum that mandated by ASHRAE [5] in addition, the air diffusion 
performance index decreased. So the 5 ACH provides better conditions and saving energy. 
 
 

 
 

Figure 5. Velocity contours (m/s) at z= 1.1 m 

 
 

Figure 6. Temperature contours(°C) at z= 1.1 m 
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Figure 7. CO2 concentration contours (ppm)  
at z=1.1 m 

 

 
 

Figure 8. Velocity contours (m/s) 

at z=1.1 m 

 
 

Table 2. Effective Draft Temperature at 
different points in case 1 

 
 
 

 
 

Figure 9. Temperature contours (°C)  
at z=1.1 m 

 
 

 
 

Figure 10. CO2 concentration contours (ppm) 
at z=1.1 m 

 
 
 

Table 3. Effective Draft Temperature at 
different points in case 2. 
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For case 3 when the air supply is at a height z=0.9mfrom the floor, the inlet air dropped 
away from the occupant in the lower zone andlarge amount of the air was obstructed by the desk. 
Therefore, the air does not reach the breathing zone with enough.The air velocity in the breathing 
zone is depicted in Fig. 11 in a horizontal plane at 1.1 m above the floor. The air velocity at the 
head level in front of the occupant is 0.044 m/s , which is low too much and means that the air is 
quasi stagnant. 

The air temperature in the breathing zone is depicted in Fig. 12 in a horizontal plane at 1.1 m 
above the floor. The temperature is high in the breathing zone because the air does not reach the 
breathing zone well, and due to the presence of the computer (heat source) where the air velocity 
around it does not enough to cool it.The air temperature is 25.7 °C at the head level in front of 
the occupant. 

The CO2 concentration in the breathing zone is depicted in Fig. 13 in a horizontal plane at 
1.1 m above the floor. The average concentration of CO2 is 648 ppm and the maximum 
concentration is in the small area close to the nose due to breathing, and the concentration at the 
head level in front of the occupant is 801 ppm. The air diffusion performance index is 23.52%as 
in Table.4and the ventilation effectiveness is 1. 

The distance between the air terminal and the occupant in case 3 is longer than that in case 1, 
which the air dropped away from the occupant and large amount of air obstructed by the desk. 
Therefore, the air does not reach the breathing zone enough. The air velocity at the head-chest 
level decreased largely, also the temperature and CO2 concentration increased largely. Therefore, 
the air supply location should be above the occupant height to ensure that the air reaches the 
breathing zone enough for achieving thermal comfort and indoor air quality. 

 
 

 
 

Figure 11. Velocity contours (m/s)  
at z=1.1 m 

 
 

Figure 12.Temperature contours (°C) 
at z=1.1 m 
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Figure 13. CO2 concentration contours (ppm) 
at z=1.1 m 

Table 4. Effective Draft Temperature at different 
points in case 3 

 
 
 

For the displacement ventilation (case 4), the air enters the room from a supply near the 
floor at the room corner.The velocity is high near the supply and gradually decreased inside 
the room. The air velocity in the breathing zone is depicted in Fig. 14 in a horizontal plane at 
1.1 m above the floor. The air velocity is relatively high in the region in front of the supply 
where the air stream passes. In addition, the air velocity is high on the desk. The air velocity 
in front of the occupant at the head level is 0.035 m/s, which is low too much and means that 
the air is quasi stagnant. 

The air temperature is low near the floor, and the supply in addition, the air gradually 
gains heat. The air temperature in the breathing zone is depicted in Fig. 15 in a horizontal 
plane at 1.1 m above the floor. The air temperature is low away from the computer and higher 
around the computer. In addition, the air temperature is high in the breathing zone due to the 
presence of the computer (heat source) where the air velocity around the computer does not 
enough to cool it. The air temperaturereaches 32.5 °C at the head level in front of the 
occupant that is very high and makes the occupant uncomfortable.  

The CO2 concentration in the breathing zone is depicted in Fig. 16 in a horizontal plane at 
1.1 m above the floor. The average concentration of CO2 is 688 ppm. The concentration is 
high in the breathing zoneexceeding 1000 ppm. The concentration is low near the supply 
where the inlet air has low concentration.The air diffusion performance index is 17.64% as in 
Table 5 and the ventilation effectiveness is 0.66. 

For the mixing ventilation (case 5), the air enters the room from the ceiling and flows 
downward.The air velocities in the air stream have higher magnitudes than those in the other 
zones. The air velocity in the breathing zone is depicted in Fig. 17 in a horizontal plane at 1.1 
m above the floor. The maximum air velocity is at the spot below the supply. The air 
velocities around the occupant and the computer are low compared with stratum ventilation 
case 2. In addition, the air velocity at the head level in front of the occupant is 0.145 m/s, 
which is less than the recommended maximum of 0.25 m/s to reduce drafts as mandated by 
ASHRAE [5]. 

The temperature in the air stream is lower than that in the other zones. The air 
temperature in the breathing zone is depicted in Fig. 18 in a horizontal plane at 1.1 m above 
the floor. The minimum air temperature is at the spot below the supply, and the temperature 
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is high around the computer as the air velocity around the computer is not enough to cool it. 
The air temperature is 25 °C at the head level in front of the occupant. 

The CO2 concentration in the breathing zone is depicted in Fig. 19 in a horizontal plane at 
1.1 m above the floor. The average concentration of CO2 is 645 ppm and the minimum 
concentration is at the spot below the supply while the maximum concentration is in the area 
close to the nose due to breathing, and the concentration in front of the occupant is 830 ppm. 
The air diffusion performance index is 61.76%as in Table.6 and the ventilation effectiveness 
is 1. 

 
Figure 14. Velocity contours (m/s) 

at z=1.1 m 

 
Figure 16. CO2 concentration contours (ppm) 

at z=1.1 m 

 
Figure 15. Temperature contours (°C) 

at z=1.1 m 

 
Figure 17. Velocity contours (m/s) 

       at y=1.45 m 

 
Figure 18. Temperature contours (°C)  

at y=1.45 m 

 
Figure 19. CO2 Concentration contours (ppm) 

 at z=1.1 m 
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Table 5. Effective Draft Temperature at               
differentp oints in case 4. 

Table 6. Effective Draft Temperature at different 
points in case 5. 

 
 

 
 

In displacement ventilation (case 4) and mixing ventilation (case 5), the temperature and 
CO2 concentration in the breathing zone are higher compared to the stratum ventilation (case 
1). In addition, the air velocities around the occupant, ventilation effectiveness, and ADPI are 
less than that in the stratum ventilation (case 1). Therefore, the stratum ventilation (case 1) 
has the best conditions in terms of thermal comfort and indoor air quality. 

The main difference between stratum, displacement, and mixing ventilation systems is 
that in stratum ventilation the air flows directly to the breathing zone in front of and around 
the occupant unlike displacement ventilation and mixing ventilation, so the breathing zone 
temperature is the lowest in stratum ventilation also the air velocities in front of and around 
the occupant are the higher as noticed in the research. 

The stratum ventilation (case 1), displacement ventilation (case 4), and mixing ventilation 
(case 5) have the same airflow rate and supply air temperature (tin) so the value of tbz for 
stratum ventilation would be the lowest because the air directly flows into the breathing zone 
at the head level. Therefore, the ventilation effectiveness of stratum ventilation system is the 
higher as shown in Fig. 20. 

As shown in Fig. 20 and Fig. 21, case 1 have the best ADPI and good ventilation 
effectiveness so it is preferred. Case 3, case 4 and case 5 have the lowest ADPI < 80% and 
the lowest ventilation effectiveness so the air distribution is bad and thermal comfort 
conditions does not achieved. 

 
 

Figure 20. Ventilation effectiveness  
in all cases. 

Figure 21. Air diffusion performance index 
(ADPI) in all cases. 
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5. CONCLUSIONS 
 

• CFD techniques allow visualization of airflow, velocity, temperature and CO2 concentration 
distributions by computer and saving time. It allows improvements in ventilation systems and 
innovative solutions to be investigated inexpensively without the need to build and test 
prototypes. 
 

• From investigating the effect of changing the air change per hour in the stratum ventilation, 
we found that the 5 ACH provides the better conditions in terms of thermal comfort and 
indoor air quality. 
 

• The air supply location recommended being at a height above the occupant height to ensure 
that the air reaches the breathing zone as well to achieve thermal comfort and indoor air 
quality. 
 

• In the displacement ventilation and mixing ventilation, the air temperature and CO2 
concentration in the breathing zone are higher compared to the stratum ventilation (case 1). In 
addition, the air velocities around the occupant, ventilation effectiveness and ADPI are less 
than that in stratum ventilation. 
  

• In the stratum ventilation system the air flows directly to the breathing zone in front of and 
around the occupant so it needs low ACH for achieving thermal comfort and IAQ compared 
with the other ventilation systems. 
 

• In terms of thermal comfort and indoor air quality, the stratum ventilation system provides 
the best conditions as the air flows directly to the breathing zone at the head level in front of 
the occupant which improves the inhaled air quality. 
 

• A computational fluid dynamic (CFD) is a good for calculating the effective draft 
temperature and air diffusion performance index (ADPI) for checking the thermal comfort. 
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