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ABSTRACT  

The inlet and outlet size, number and location have a significant influence on the thermal environment indoor 

and air distribution for the temperature and velocity. In this work, numerical and experimental studies were performed 

to examine the influences of the inlet and outlet distribution, number and location, on the air movement and temperature 

distribution indoor. Also, the separation of the amount of the extracted air has been investigated in this study. To provide 

a comfortable environment for the occupants, important factors such as air temperature distribution, thermal sensation 

and draft rate should be evaluated carefully. Therefore, in this paper the occupant’s thermal sensation and the air 

movement and temperature distribution were used as the main evaluation index. In this investigation, three cases study 

were used tested. The experimental work was performed under the Iraqi weather conditions which are hot and dry in 

summer. The finding showed that the indoor thermal environments were significantly influenced by the opening 

locations of the exhaust. Also it was found that the satisfied human thermal comfort was obtained when the exhaust 

diffuser installed relatively far away from the supply diffuser. In addition, the best results were found by separate the 

amount of the exhaust air and extracted from the two exhausts opening. This will give the supplied air the ability to 

distribute inside room perfectly. Also, in order to prevent the air short circuit, the exhaust opening should not be located 

at the wall in front of the supply opening. 
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INTRODUCTION  

The main important goal of the Heating, Ventilation, and Air Conditioning (HVAC) system is to provide a 

comfortable and healthy living environment and reduce the contaminant in the indoor room air. A good air distribution 

system needs to select the proper locations of the supply and exhaust vent based on the configuration of room, heat 

sources position indoor and the indoor air condition [1-3]. According to the 1970s energy crisis, many efforts have 

been taken into account in the field of HVAC for finding a balance between the most debatable criteria's in term of air 

distribution, quality of the air indoor, human comfort, and energy consumption [4-9].  

There were many recorded complaints by occupants about the comfortable air quality and thermal 

environment using the conventional variable air volume system [11-12]. The complaints were recorded due to the 

drawbacks of productivity and activity of occupants. In addition, a high rate of energy consumption by HVAC system 

has been recorded by the Hong Kong Energy End-use Data (HKEEFUD) [13]. The systems of stratified air distribution 

(STRAD) have been attracted much attention by researches during the last two decades, which have an advantage in 

term of higher performance and ventilation efficiency comparing to the traditional mixing ventilation system (MV) 

[1]. For the STRAD system, the air supply is directly located over the thermal sources which are generated in the 

occupied zone. The generated heat sources are subjected under the buoyancy law by inducing the fresh air inside the 

zone to circulate from the lower room level to the breathing zone. Furthermore, the STRAD systems have an effective 

air distribution and higher thermal comfort comparing to the MV systems [1, 14-15]. The STRAD system has also a 

potential to apply the cooling on the lower level inside the zone while there is no need to cool the upper level inside 

the same zone. Thus, there is a potential of human thermal comfort improvement and saving energy for air conditioning 

applications using STRAD systems [10]. The positions of diffusers inside the zone have a significant influence on the 

STRAD system. Kuo et al. [17] simulated the locations effects of the supply and exhaust outlet in the working zone 

on the human comfort. They found that the thermal comfort could be improved with the longer path of cold air supply 
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in the occupied area. Wan et al. [18] experimentally investigated variant densities of thermal load supply and inlet 

temperatures of space using a floor return technique based under floor air circulation system. They concluded that there 

were a significant saving in energy with an acceptable thermal comfort level under a high density of thermal load and 

inlet temperature of 18 ̊C. Lau et.al. [19] suggested to detach the positions of exhausts and returns inside the zone for 

saving more energy and providing a good indoor thermal environment using STRAD systems. Xu et al. [20] also 

summarized that the STRAD systems offers an energy saving and comfortable environment by enlarging the zone and 

increasing the height of ceiling.  Lam et al. [21] studied the temperatures distribution and air flow circulation inside 

the zone. They numerically found that the position of exhaust has a significant impact on the human comfort of the 

STRAD system, in turn; it has a considerable impact on the annual load of cooling system. Awad et al. [22] practically 

investigated the STRAD system based on the level of interface as it was affected by the location of exhaust grilles, 

which also significantly influenced the cooling effect of HVAC systems. Safer indoor thermal environment can be 

achieved in terms of air quality when using the exhaust diffuser at the upper level of the room space and the supply 

vent at the low level [23]. The effects of the outlet diffuser positions were investigated numerically by Khan et al. [24]. 

They found that an acceptable indoor air quality (IAQ) was obtained when the exhaust opening locating close to the 

ceiling. Kuo and Chung [25] examined numerically the influence of the air vent locations on the indoor human comfort 

using different ventilation methods. Their results revealed that the best thermal comfort for the indoor air founded at 

the longer supply air throw in the working area. He et al. [1] found that the locations of exhaust opening may not affect 

by the behavior of airflow, however it can greatly influence the exposure level indoor. Lin et al. [27] studied the effect 

of the location of the air supply vents on the performance of displacement ventilation system. The results revealed that 

the good indoor environment achieved when the air supply diffuser located close to the room center.  Verma et al. [28] 

have presented that the IAQ in a hospital ward was highly influenced by the amount of the air change and the outlet 

locations. They found that a high rate of air change will reduced the amount of the contaminant concentration and this 

will lead to enhance the IAQ. Also, a proper selection of the outlet opening will improve the quality of the air in the 

inhaled area. Another- study by Verma et al. [29] was performed to provide healthy and a comfortable working 

environment for the doctors and patients in the Intensive Care Unit (ICU). The results found that the stagnant zone in 

the ICU room was unhealthy for the occupants, patient and doctor, and careful considerations should be taken in 

account when designing a ventilation system for such room. Another investigation by Verma et al. [30] found that the 

contaminant distribution was influenced by the position of the patient’s bed and the arrangement of the air ventilation 

system in a hospital ICU room.  

The previous works have examined the effect of the positions of each the supply diffuser and the return 

diffuser on the energy consumption and indoor thermal comfort. However, limited research or insufficient studies has 

been performed to study the relationship between the amount of extracted air, depending on the number of the exhaust 

diffusers, and indoor thermal indoor thermal indoor thermal comfort. The amount of extracted air related to the number 

of the exhaust diffusers has a major effect on the indoor human comfort. Therefore, in this paper the influences of 

using a different number of the exhaust diffusers with different amount of the extracted air in an equipped office room 

on the human thermal comfort, velocity distribution, and indoor air temperature were investigated experimentally and 

numerically.  

. 

EXPERIMENTAL WORK 

An experimental work was performed to study the impact of the exhaust locations and the amount of the 

extracted air in an office room ventilated by the displacement ventilation (DV) system on both thermal indoor 

environment and indoor thermal comfort. Figure 1 shows the experimental room and the schematic drawing of the 

investigated room respectively. The tested room had dimensions of (4.25 m) length, (4.2 m) width and (3 m) height. 

In this room, the DV system consider the main air distribution system with dimension of (0.6 m × 1 m) which was 

installed at the level of floor near to room corner. To satisfy the requirements of the indoor thermal comfort, a required 

ventilation rate for one person was covered in this study. Therefore, in this investigation the supply air velocity and 

supply air temperature were 0.3 m /sec and 25 °C respectively. The bounded wall, ceiling and floor were insulated 

carefully to prevent heat transfer through these walls (adiabatic walls). A box with heat generation of 100 W was used 

and installed in the center of the room to represent the computer. The exhaust opening was 0.35 m×0.35 m. In this 
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experiments, three different exhaust locations were employed to calculate the impact of the exhaust layout on the 

indoor thermal environment (see Table 1). Six different locations (L) 1, 2,3,4,5 and 6, were employed to measure the 

air temperature. The temperature was measured for five different heights at each pole. Figure 1 shows the poles 

locations and the measured point for each case study. The HT-315 thermocouple was employed to measure the air 

temperature at the supply opening (See Figure 1 c). Digital thermocouples were used to measure the rest of the 

measuring points (see Figure 1 d). The experiments were performed to examine the impact of using different numbers 

and locations of the exhaust opening on the indoor human thermal comfort. Table 1 presents the detailed information 

for each case study in these experiments.   

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. a) experimental chamber b) layout of the tested room c) HT-315 thermocouple d) digital 

thermocouple  

a) b) 

c) d) 
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Table 1. Case studies 

Case study Return number Return location (side wall in front of DV supply opening) 

Case - 1 1 In front of supply opening 

Case - 2 1 Away from supply opening 

Case - 3 2 Both for Case 1 and 2 

 

 

CFD METHOD 

Grid design and grid independent test 

In this study the ANSYS ICEM CFD was employed to generate the mesh system. A tetrahedral unstructured 

grid type was employed to create the required grid for investigated cases. A careful distribution for the mesh density 

generation was consider in account to cover the interested regions for the simulated room such as region near the 

indoor heat source and opening outlet. In addition, a required y+, 3<y+<10, was used in this investigation to gain 

accurate predicted results especially in region near the walls. The air velocity distribution is highly influence by the 

heat generate from the sources. Therefore, accurate predictions in near wall regions are highly required. For these 

reasons, the value of y+ should be taken carefully. To check the selected mesh was suitable to achieve a required 

accuracy of the simulated results, a mesh test was used in this study. 1,750,000 cells were selected to be the best size 

of the mesh and this was used for the all case studies.  

 

Airflow modelling 

A suitable turbulence model is selected to simulate the accurate indoor air movement and air temperature 

distribution. Therefore, in this study, the two equations renormalized group (RNG) k-ε turbulence model was used to 

predict the indoor air velocity and movement of indoor air temperature. Most recent researches have been used this 

model to predict the air movement and indoor air temperature distribution [31-33]. This model gives an accurate 

simulation results and saving more time [34]. Also, this model can predict the viscosity in region near-wall accurately 

comparing with standard k-ε model [35-38], and can be expressed as follow [39]: 
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where, 

𝐶2𝜀
∗ = 𝐶2𝜀 + (𝐶𝜇𝜂3(1 − 𝜂 𝜂𝑜⁄ )) 1 + 𝛽𝜂3⁄  with  𝜂 = (𝑆𝑘 𝜀⁄ ) and 𝑆 = √2𝑆𝑖𝑗𝑆𝑖𝑗 

 

The constants used in this study are given in Table 2. 

 

 

 

 

 

(1) 

(2) 
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Table 2. Model constants 

 

Constants 𝐶𝜇 𝜎𝑘 𝜎𝜀 𝐶𝜀1 𝐶𝜀2 𝜂𝑜 𝛽 

 0.0845 0.7194 0.7194 1.42 1.68 4.38 0.012 

 

For each case study, the indoor thermal environment was evaluated using ANSYS Fluent. The boundary layers 

in region close to the walls were calculated by using the enhanced wall treatment. The Boussinesq assumption was 

also employed in this study. In addition, the semi-implicit method for pressure-linked equations SIMPLE algorithm 

was used to treat the velocity and pressure coupling. The second order was adopted to calculate all terms in previous 

equations except the pressure which it calculated via PRESTO. Table 3 lists all required details of the turbulence model 

and the boundary conditions for the all case studies. 

 

Table 3. Detailed information for the investigated room 

 

Simulation details 

Turbulence model Renormalized group RNG k − ε. 

Radiation model Discrete ordinates (DO) radiation. 

Numerical schemes For pressure, Staggered third order scheme 

PRESTO; for other terms, upwind second order; 

SIMPLE algorithm. 

Boundary conditions for the simulated room 

Floor, ceiling, tables and 

bounded walls Adiabatic wall 

Supply air Velocity inlet (0.14 m/s, 19 °C) 

Exhaust vent Pressure –outlet 

Occupants heat flux 60 W×2 

PC case heat flux 60 W ×2 

PC monitor heat flux 70 W ×2 

Lamps heat flux 24 W ×2 

 

Validation work 

In this investigation an experimental study was performed to validate the accuracy and the ability of the 

turbulence model in prediction of the indoor air temperature distribution and indoor air movement. In this validation, 

temperature distribution for the six different locations was used to validate the selected turbulence model. The locations 

of the measured temperatures distribution for the experimental work were shown in Figure 2. 

In addition, the comparison between the simulated and the experimental results for the case 1only was shown 

in Figure 3. Depending on the Figure 3, a good agreement was achieved between the numerical and the experimental 

results. This will give approve of the validity of the selected turbulence model to simulate the thermal environment 

correctly with an acceptable accuracy (error about 6%). 
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Figure 2. The positions of the measured temperatures  

Figure 3. The comparison of the temperature distribution between the experimental and 

predicted results for case-1  
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RESULTS AND DISCUSSION 

 

Indoor air temperature distribution 

It is very important to create a healthy and comfortable area for the occupants. In order to satisfy this 

requirement, the temperature distribution indoor especially in occupied zone are very important [31-34]. This will 

create a thermally comfortable environment. For this reason, the temperature distribution was evaluated in each case 

study. In this investigation different plane section was used to display the temperature distribution in the investigated 

room domain.  

Figures 4, 5 and 6 show the temperature distribution in different section for the case 1, 2 and 3 respectively. 

From Figure 4 it is clear to show that there is a noticeable difference between the lower part and upper part of the tested 

room in both section planes. This was due to that the large amount of the supply air was extracted directly from the 

exhaust air outlet before mixed with the rest air inside the room. For case 2 when the exhaust opening relatively far 

away from the supplied opening, the temperature variation between the lower part and upper part was not large 

compared with case 1. This was because that the supplied fresh air has enough time to circulate inside the room domain 

before reached to the exhaust opening. Figure 6 shows the temperature distribution when separate the exhaust opening 

into two opening with the same amount of the extracted air as in case 1 and 2. By comparing with case 1 and 2, a 

homogenous temperature distribution was found in the room domain. This was due to that the multiple exhaust opening 

gave the supplied air ability to distribute in all room domains perfectly. This process will create a good air temperature 

distribution an also provide a better thermal comfort for the occupants compared with case 1 and 2.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Air temperature distribution at x=2.1 m and x=0.75 m for the case-1  
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Figure 6. Air temperature distribution at x=2.1 m and x=0.75 m for the case-3 

Figure 5. Air temperature distribution at x=2.1 m and x=0.75 m for the case-2 
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Indoor air movement distribution 

The main important parameter for the human thermal comfort evaluations is the air movement distribution. 

In this work, the distribution of the air velocity was evaluated for the three different case study at different section 

planes (see Figures 7, 8 and 9). As shown in Figures 7, 8 and 9, the room air velocity distribution in plane x=0.75 m 

are approximately the same for all case studies. This was because that the supply air velocity for all case study was 

same and there is no significant difference for the air velocity distribution in this sections plane especially in region 

near the DV supply opening (see plane x=0.75 m for Figures 7, 8 and 9).  For the mid plane, there are a slight difference 

in air velocity distribution for the case 1 compared with case 2 and 3. In case 1 when the exhaust opening located in 

front of the supply, the velocity in region of the occupied zone (see mid plan in Figure 7) is higher than other of the 

room domain. While for case 2 and 3 the air velocity in occupied zone (see mid plan in Figures 8 and 9 respectively) 

was lower compared with the case 1. Therefore, a good thermal comfort was found in cases 2 and 3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Velocity contour at x=2.1 m and x=0.75 m for the case-1 

Figure 8. Velocity contour at x=2.1 m and x=0.75 m for the case-2 
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PMV and PDD evaluation 

The indoor thermal comfort is one of the important evaluations index for any ventilation system. For each 

case study in this investigation, Fanger’s comfort equations [40] were employed to evaluate the indoor human comfort. 

Two indices predicted mean vote (PMV) and predicted percentage of dissatisfied (PPD) employed to assess the human 

thermal balance for the whole body of the occupants. For the acceptable thermal comfort, the required PMV and PPD 

should be in range of -0.5 to 0.5 for PMV and no more than 10 for PPD [40-41].  The PMV are represented by the 

seven sensation point. Table 4. lists the PMV and occupant’s thermal sensation [40] 

 

Table 4. The PMV and thermal sensation scale 

 
PMV Thermal sensation 

+3 Hot 

+2 warm 

+1 Slightly warm 

0 Neutral 

1 Slightly cool 

2 Cool 

3 Cold 

 

 

The PMV and PDD evaluations index are influenced by many factors such as metabolic rate, external work, 

air quality, clothes, temperature, air velocity and mean radiant temperatures. All these factors are used to calculate the 

PMV and PDD as follow [40]: 

 

 

PMV = (0.03e−0.036M + 0.028){(M − W) − 3.05 × 10−3 × [5733 − 6.99(M − W) − pa]

− 0.42 × [(M − W) − 58.15] − 1.7 × 10−5M(5867 − pa) − 0.0014M(34 − ta)

− 3.96 × 10−8fcl    × [(tcl + 273)4 − (t̅r + 273)4] − fclhc (tcl − ta)} 

 

Figure 9. Velocity contour at x=2.1 m and x=0.75 m for the case-3 

(3) 
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Then PPD index can be calculated 

 

 

 

In this investigation the PMV and PPD was evaluated for the working zone as well as for all room domain. 

Figures 10 and 11 show the calculated values for of the PMV and PPD for all room domain respectively. From these 

figures, it is clear to see that the PMV and PPD values for the case 1 are higher than in case 2 and 3. This was because 

that the supplied air in case 1 was extracted directly from the front exhaust opening and this causes short air circuit 

and may impact on the indoor human comfort. For the case 2 and 3, the well distribution of the air creates an acceptable 

thermal environment comparing with case 1. In addition, the higher velocity distribution in case 1 (see Figure 7) has a 

great influence on the indoor air. For the same reasons, the PMV and PPD (for the occupied zone) for the case 1 were 

higher than in case 2 and 3 as shown in Figures 12 and 13 respectively. A slight difference of the PMV and PPD values 

were found between case 2 and 3. Where the case 3 consider the best among all case studies. This was due to that the 

separate exhaust opening provides a very well indoor air and temperature distribution and creates a good indoor thermal 

environment.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

tcl = 35.7 − 0.028 (M − W) − ccl {3.96 × 108fcl × [(tcl + 273)4 − (t̅r + 273)4] + fclhc (tcl − ta)} 

 

 

 

and  hc{
12.2√var

2.38(tcl−ta)0.25

          for     {
2.38(tcl−ta)0.25   <12.1√var

2.38(tcl−ta)0.25   >12.1√var
 (5) 

and  fcl{1.05+0.645 Icl

1+1.290 Icl            for   {
Icl >0.078    (m2℃ W)⁄

Icl ≤0.078    (m2℃ W)⁄
 (6) 

PPD = 100 − 95 × e−(0.03353×PMV4+0.2179×PMV2)    (7) 

Figure 10. The total PMV evaluation for each case 

study 

Figure 11. The total PPD evaluation for each 

case study 

(4) 
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CONCLUSION  

In this research the influence of the exhaust diffuser layout and the amount of the extracted air on the human 

thermal comfort and thermal environment indoor (velocity and temperature distribution) were studied experimentally 

and numerically. The finding can be concluded: 

• The indoor thermal comfort and the temperature and the velocity distribution were greatly influenced by the 

exhaust opening locations and the amount of the extracted air. 

• A good indoor thermal comfort was found when the exhaust vent located far away the supply opening.  

• The best results regarding thermal comfort and indoor thermal environment were found by separate the 

amount of the extracted air in to two exhaust opening as presented in case 3. This will give the supplied air 

the ability to distribute inside room perfectly.  

• The total PMV and PPD for the case 3 were 0.46 and 9.8 respectively while the PMV and PPD for the occupied 

zone were 0.505 and 10.5 respectively. Therefore, where the case 3 consider the best among all case studies. 

• In order to prevent the air short circuit, the exhaust opening should not locate at the wall in front of the supply 

opening. 

 

NOMENCLATURE  
 

Cμ  Turbulence model constant 

cp  Specific heat, J/kg-K 

pa Partial water vapor pressure, pa 

fcl  Surface area for the clothed to surface area for the naked body 

ta  Air Temperature, oC 

tcl  Surface temperature for clothing, oC 

𝑡�̅�  Radiant mean temperature, oC 

Var  Relative air velocity  

hc  Convective heat transfer coefficient, W/(m2. oC) 

𝑡  Clothing thermal resistance, (m2.oC) /W 

S  Mean strain rate tensor 

Sij  Strain rate tensor 

Vj  Associated volume with i trajectory and cell j  

i, j  Trajectories 

 

 

Figure 12. The PMV evaluation at occupied zone for 

each case study 
Figure 13. The PPD evaluation at occupied zone for 

each case study 
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Greek symbols 

 

β  Thermal expansion coefficient, 1/K 

ε Turbulent dissipation rate, m2/s3 

μ  Dynamic viscosity, kg/(m.s) 

ρ  Fluid density, kg/m3 

σk  Constant for k equation of the turbulence model 

 

 

REFERENCES 
 

[1] Bauman FS, Daly A. Underfloor Air Distribution (UFAD) Design Guide. Atlanta: American Society of Heating, 

Refrigerating and Air-Conditioning Engineers (ASHRAE); 2003. 

[2] Budaiwi I, Abdou A. HVAC system operational strategies for reduced energy consumption in buildings with 

intermittent occupancy: the case of mosques. Energy Conversion and Management 2013;73:37-50. 

https://doi.org/10.1016/j.enconman.2013.04.008 

[3] Li A, Qin E, Xin B, Wang G, Wang J. Experimental analysis on the air distribution of powerhouse of Hohhot 

hydropower station with 2D-PIV. Energy Conversion and Management 2010;51:33-41. 

https://doi.org/10.1016/j.enconman.2009.08.022 

[4] Nielsen PV. Velocity distribution in a room ventilated by displacement ventilation and wall-mounted air terminal 

devices. Energy and Buildings 2000;3:179-87. https://doi.org/10.1016/S0378-7788(99)00012-2 

[5] Kassas M, Hamanah WM, Al-Tamimi O, Sahin A, Yilbas BS, Ahmed CB. Operation of HVAC system for energy 

savings and economic analysis. Journal of Thermal Engineering 2019;5:181-197. 

[6] Al-Tamimi O, Kassas M, Hamanah WM, Yilbas BS. Cost effective operation of HVAC system under thermal 

distribution, Journal of Thermal Engineering 2019;5:302-318. 

[7] Seppänen O. Ventilation strategies for good indoor air quality and energy efficiency. International Journal of 

Ventilation 2008;6(4):297-306. 

[8] Melikov A, Ivanova T, Stefanova G. Seat headrest-incorporated personalized ventilation: thermal comfort and 

inhaled air quality. Building and Environment 2012;47(1):100-108. 

https://doi.org/10.1016/j.buildenv.2011.07.013 

[9] Valkeapää A, Sirén K. The influence of air circulation, jet discharge momentum flux and nozzle design 

parameters on the tightness of an upwards blowing air curtain. International Journal of Ventilation 2010;8(4): 337-

346. https://doi.org/10.1080/14733315.2010.11683857 

[10] Bagheri HM, Gorton RL. Verification of stratified air condition design (RP-388), ASHRAE Transactions and 

Conferences Programs, 1986: 211-227. 

[11] Huizenga C, Abbaszadeh S, Zagreus L, Arens, EA. 2006. Air quality and thermal comfort in office buildings: 

results of a large indoor environmental quality survey. Healthy Buildings: Creating a Healthy Indoor Environment 

for People 2006;3:393-397.  

[12] Bonnefoy XR, Annesi-Maesona I, Aznar LM, Braubachi M, Croxford B. Review of evidence on housing and 

health, background document for the Fourth Ministerial Conference on Environment and Health. Copenhagen, 

WHO Regional Office for Europe 2004. 

[13] Hong Kong Energy End-use data (HKEEUD) 2011. The energy efficiency office electrical & mechanical services 

department, 2011. 

[14] ASRAE Handbook-HVAC applications. Atlanta: American Society of Heating Refrigeration and Air Conditioning 

Engineering Inc. 2011. 

[15] Seppanen OA, Lic PE, Fisk WJ, Eto J, Grimsrud DT. Comparison of conventional mixing and displacement air 

conditioning and ventilating systems in US commercial buildings. Symposium, ASHRAE Transactions 

1989;95:pt.2. 

[16] Bagheri, Gorton. Verification of stratified air condition design. ASHRAE Transactions 1987;93:211-227. 

[17] Kuo JY, Chung KC. The effect of diffuser's location on thermal comfort analysis with different air distribution 

strategies. Journal of Thermal Envelope and Building Science, 1999;22(3):208-229. 

https://doi.org/10.1177/109719639902200305 

[18] Wan MP, Chao CY. Experimental study of thermal comfort in an office environment with an underfloor ventilation 

system. Indoor and Built Environment 2002;11(5):250-265. https://doi.org/10.1177/1420326X0201100502 

[19] Lau J, Niu JL. Measurement and CFD simulation of the temperature stratification in an atrium using a floor level 

air supply method. Indoor and Built Environment 2003;12(4):265-280. 

https://doi.org/10.1016/j.enconman.2013.04.008
https://doi.org/10.1016/j.enconman.2009.08.022
https://doi.org/10.1016/S0378-7788(99)00012-2
https://doi.org/10.1016/j.buildenv.2011.07.013
https://doi.org/10.1080/14733315.2010.11683857
https://doi.org/10.1177/109719639902200305
https://doi.org/10.1177%2F1420326X0201100502


Journal of Thermal Engineering, Research Article, Vol. 7, No. 1, pp. 148-160, January, 2021 
 

160 

 

https://doi.org/10.1177/1420326X03035917 

[20] Hongtao X, Naiping G, Jianlei N. A method to generate effective cooling load factors for stratified air distribution 

systems using a floor-level air supply. HVAC&R Research 2009;15(5):915-930. 

https://doi.org/10.1080/10789669.2009.10390872 

[21] Lam JC, Chan AL. CFD analysis and energy simulation of a gymnasium. Building and Environment 

2001;36(3):351-358. https://doi.org/10.1016/S0360-1323(00)00014-7 

[22] Awad AS, Calay RK, Badran OO, Holdo AE. An experimental study of stratified flow in enclosures. Applied 

Thermal Engineering 2008;28(17-18):2150-2158. https://doi.org/10.1016/j.applthermaleng.2007.12.017 

[23] Thool SB, Sinha SL. Numerical simulation and comparison of two conventional ventilation systems of operating 

room in the view of contamination control. International Journal of Computer Applications 2014;85(5):31-35. 

[24] Khan J, Feigley C, Lee E, Ahmed M, Tamanna S. Effects of inlet and exhaust locations and emitted gas density 

on indoor air contaminant concentrations. Building and Environment 2006;41:851–863. 

https://doi.org/10.1016/j.buildenv.2005.04.002 

[25] Kuo JY, Chung KC. The effect of diffuser’s location on thermal comfort analysis with different air distribution 

strategies. Journal of Building Physics 1999;22:208–229. https://doi.org/10.1177/109719639902200305 

[26] He G, Yang X, Srebric J. Removal of contaminants released from room surfaces by displacement and mixing 

ventilation: modeling and validation. Indoor Air 2005;15:367-380. https://doi.org/10.1111/j.1600-

0668.2005.00383.x 

 [27] Lin Z, Chow TT, Tsang CF, Fong KF, Chan LS. CFD study on effect of the air supply location on the performance 

of the displacement ventilation system. Building and Environment 2005;40:1051-1067. 

 https://doi.org/10.1016/j.buildenv.2004.09.003 

[28] Verma TN, Sinha SL. Study of particle dispersion on one bed hospital using computational fluid dynamics. 

Materials Today: Proceedings 2017;4:10074-10079. https://doi.org/10.1016/j.matpr.2017.06.323 

[29] Verma TN, Sinha SL. Contaminant control in intensive care unit of hospital. Applied Mechanics and Materials 

2014; 592-594: 2486-2490. https://doi.org/10.4028/www.scientific.net/AMM.592-594.2486 

[30] Verma TN, Sinha SL. Numerical simulation of contaminant control in multi-patient intensive care unit of hospital 

using computational fluid dynamics. Journal of Medical Imaging and Health Informatics 2015;5:1088-1092. 

https://doi.org/10.1166/jmihi.2015.1500 

[31] Ahmed AQ, Gao S, Kareem AK. A numerical study on the effects of exhaust locations on energy consumption 

and thermal environment in an office room served by displacement ventilation. Energy Conversion and 

Management 2016;117:74-85. https://doi.org/10.1016/j.enconman.2016.03.004 

[32] Ahmed AQ, Gao S, Kareem AK. Energy saving and indoor thermal comfort evaluation using a novel local exhaust 

ventilation system for office rooms. Applied Thermal Engineering 2017;110:821-834. 

https://doi.org/10.1016/j.applthermaleng.2016.08.217 

[33] Ahmed AQ, Gao S. Numerical investigation of height impact of local exhaust combined with an office work 

station on energy saving and indoor environment. Building and Environment 2017;122:194-205. 

https://doi.org/10.1016/j.buildenv.2017.06.011 

[34] Ahmed AQ. Modelling thermal comfort and energy saving enhancements in an office room served by stratified 

air distribution systems. UK: University of Leicester, Department of Engineering 2017. 

http://www.isni.org/isni/0000000464946006 

[35] Horikiri K, Yao Y, Yao J. Numerical study of unsteady airflow phenomena in a ventilated room. ICHMT digital 

library online; 2012. 

[36] Horikiri K, Yao Y, Yao J. Modelling conjugate flow and heat transfer in a ventilated room for indoor thermal 

comfort assessment. Building and Environment 2014;77:135-147. 

https://doi.org/10.1016/j.buildenv.2014.03.027 

[37] Srebric J, Chen Q. Simplified numerical models for complex air supply diffusers. HVAC&R Res 2002;8:277-294. 

[38] Yuan X, Chen Q, Glicksman LR, Hu Y, Yang X. Measurements and computations of room airflow with 

displacement ventilation. ASHRAE Transactions 1999;105:340. 

[39] Yakhot V, Orszag S, Thangam S, Gatski T, Speziale C. Development of turbulence models for shear flows by a 

double expansion technique. Phys Fluids A: Fluid Dynamic (1989–1993) 1992;4:1510–1520. 

 [40] Fanger PO. Thermal comfort: Analysis and applications in environmental engineering. Copenhagen: Danish 

Technical Press, 1970. https://doi.org/10.1177/146642407209200337 

[41] ISO7730. Moderate thermal environments-determination of the PMV-PPD indices and specification of the 

conditions for thermal comfort, 1994. 

https://doi.org/10.1177%2F1420326X03035917
https://doi.org/10.1080/10789669.2009.10390872
https://doi.org/10.1016/S0360-1323(00)00014-7
https://doi.org/10.1016/j.applthermaleng.2007.12.017
https://doi.org/10.1016/j.buildenv.2005.04.002
https://doi.org/10.1177%2F109719639902200305
https://doi.org/10.1111/j.1600-0668.2005.00383.x
https://doi.org/10.1111/j.1600-0668.2005.00383.x
https://doi.org/10.1016/j.buildenv.2004.09.003
https://doi.org/10.1016/j.matpr.2017.06.323
https://doi.org/10.4028/www.scientific.net/AMM.592-594.2486
https://doi.org/10.1166/jmihi.2015.1500
https://doi.org/10.1016/j.enconman.2016.03.004
https://doi.org/10.1016/j.applthermaleng.2016.08.217
https://doi.org/10.1016/j.buildenv.2017.06.011
http://www.isni.org/isni/0000000464946006
https://doi.org/10.1016/j.buildenv.2014.03.027
https://doi.org/10.1177/146642407209200337

