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Over time, many studies have proven the advantages of using chilled ceiling systems as an 
assistant device for covering the barriers of the stratified air distribution systems. However, 
previous investigations are still insufficient, especially in analyzing indoor air quality. With 
the aid of the computational fluid dynamics techniques and Airpak software, we attempted to 
determine the possible effects of the chilled ceiling on the performance of displacement 
ventilation by evaluating contaminant removal, ventilation effectiveness, the freshness of air, 
and air change efficiency. In addition, we tried to find a solution to maintain the stratified 
form of the contaminant profile, and reduce the impact of the negative buoyant flow caused 
by the chilled surface. In order to investigate, the study was analyzed with variable exhaust 
vent location. The results indicated that the indoor air quality indexes had the best operation 
compared to the other cases when the exhaust vent was placed near the occupants. Actually, 
by local exhaust vent strategy, the inversion phenomenon caused by chilled surface was 
minimized and the contaminant concentration was safer at the inhaled zone compared to the 
other cases. In addition, the chilled ceiling had entirely adverse effects on the mean age of air, 
contaminant concentration, air change efficiency and ventilation effectiveness. Nevertheless, 
the disturbance effect was lower when the exhaust vent placed in the vicinity of 
heat/contaminant sources. 
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1. Introduction    

Nowadays, heating, ventilating, and air-conditioning 

(HVAC) systems are considered as the heart of the 

buildings. The chilled ceiling (CC) or radiant cooling 

systems have gained popularity in residuals and non-

residual buildings, particularly in Asia and Europe [1,2] 

due to the positive effects on thermal comfort, vertical 

gradient temperature, and indoor air quality [3,4]. 

Researches on the CC systems have been started since the 

1990s [5]. Usually, the design of the CC panels is 

expanded into three categories. Embedded tubes inside the 

concrete slab of buildings are the most common design of 

the chilled panels [6]. Despite the advantages, the CC 

systems have two issues. Firstly, the low temperature of 

the water inside the tubes causes the risk of condensation 

on the CC panels [7,8]. Secondly, the system couldn’t 

remove the latent loads, and renew the indoor air. 

Therefore, these systems need to be coupled with an air 

distribution system to fulfill the ventilation standards and 
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be able to eliminate the latent loads and the indoor 

pollutants [9,10]. 

In recent decades, the stratified air distribution 

(STRAD) systems, may be referred to as under-floor 

distribution (UFAD) or displacement ventilation (DV) 

systems, have gained the attention of people who are 

willing to have an optimized indoor air quality (IAQ) and 

thermal comfort (ITC) [11,12]. In these systems, the inlet 

air diffusers are located on the floor which the temperature 

and the contaminant profiles are completely stratified [11]. 

Some researchers concluded that CC systems could 

provide cooler environments compared to traditional 

systems [13,14]. Miriel et al. [15] reported that the CC 

system was suited for buildings with low-cooling loads. 

They reported that the temperature of panels should be 

limited in case of condensation. This subject drops the 

cooling capacity. Therefore, to avoid condensation, the 

temperature of the panels should be under the dew point of 

a room in the subtropical region [16].  
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In numerous studies, CC systems with displacement 

ventilation (DV) have been suggested since the hybrid 

system has increased the cooling capacity and has 

provided higher air quality and thermal comfort indexes 

[17,18]. Loveday et al. [19] reported that the cooled air 

under the DV-CC system could cause a downward 

convection flow, which transports the contaminant to the 

inhaled zone. Ghaddar et al. [20] investigated a design 

algorithm for a DV-CC system. The study was based on 

four parameters: 

(1)  The ratio of the chilled ceiling cooling load to the 

total load, (2)  The vertical temperature profile, (3)  IAQ, 

(4) the ratio of the total sensible load to the supply air mass 

flow rate. By investigating these factors, the design charts 

were displayed for a steady-state flow for a wide range of 

chilled ceiling tempearures and supply air. Xie et al. [21] 

investigated the impact of the inlet water temperature on 

the non-uniform surface temperature of the chilled panel. 

The radiant ceiling panel with a uniform temperature 

distribution was studied by Ning et al. [22] to prevent 

condensation. Furthermore, Behne [23] suggested that DV 

should remove 20 to 25% of the heat loads for a suitable 

IAQ and ITC in a DV-CC system. 

On the other hand, DV or UFAD systems have a supply 

plenum between the concrete slab and a raised floor 

system to push fresh air directly into the occupied zone 

through floor diffusers. UFAD (or DV) systems have some 

beneficiaries like: suitable thermal stratification, thermal 

comfort, ventilation efficiency, and reduced energy use in 

suitable climates [24]. These advantages make it a good 

candidate in order to integrate with chilled ceiling system. 

As it was mentioned in some previous studies, there are 

numerous researches in different combinations of radiant 

cooling with displacement ventilation, but there are a few 

types of research about the integrated UFAD-Radiant 

system in the literature. Performance analysis of an 

integrated UFAD and radiant hydronic slab system has 

been done by Raftery et al. [25]. They used EnergyPlus 

and their study to prove that the UFAD-Radiant system 

reduces 23% of total energy consumption rather than 

overhead systems. Also, the thermal comfort of occupant 

improved, and some thermal decays of UFAD were 

extinguished.  

The recent studies on CC/DV systems are insufficient, 

especially on IAQ study. In this article, we combined the 

CC with the DV system to clarify the effects of chilled 

surface on IAQ in a room equipped with DV system. More 

importantly, we tried to find a solution to reduce the 

disturbance effect of the chilled surface on the 

contaminant distribution. As the exhaust vent has a critical 

role in airflow formation, several places for exhaust vent 

were considered case studies. The considered positions for 

the exhaust vent included ceiling exhaust vent (CEV), low 

height exhaust, and local exhaust vent (LEV) strategy.  

CEV strategy is a common way for the exhaust vent, 

and all of the mentioned investigations were conducted 

with this strategy. On the other hand, with LEV strategy, 

it is possible to transfer the contaminant and heat loads 

immediately out of the occupied zone due to the small 

distance with the exhaust vent. LEV is not a method of 

ventilation. It is used for controlling pollutants, especially 

in industrial, aircraft cabins, and hospital environments 

with high efficiency. LEV strategy provides a good 

potential for hybrid systems in which use chilled surfaces. 

That is because the contaminant can exit from the occupied 

zone by LEV before any interaction with the negative 

buoyant flow at the ceiling.  

The disadvantage of the CC to exhaust pollutant from 

breathing zone has been addressed by Yang et al [26], and 

Shi et al. [27]. To overcome these cons, the combination 

of the chiled ceiling with the displacement ventilation and 

the under-floor air distribution is recommended. In this 

study, we tried to use an assistant (LEV) to take pollutant 

particles into exhaust vents as an aid to the CC. In another 

word, by this kind of hybridization the CC acts as a 

background system and the LEV is used to prevent 

pollutants from aggregation in the inhaled zone. It should 

be noted that combination of the CC and the LEV is not 

explored yet. IAQ indexes including ventilation 

effectiveness and normalized concentration are 

investigated to depict the importance of the hybridization 

of CC and LEV. 

 

 

2. Methods 

2.1. Airflow Modeling 

In order to simulate a CC/DV system in a room, 

computational fluid dynamics (CFD) was applied to 

predict indoor air. The commercial CFD program Airpak 

3.0.16 was used for designing the geometry and solving 

the Reynolds averaged Navier-Stokes (RANS) equations. 

The following assumptions were employed for 

calculation: 

 3D turbulent flow 

 Steady-state 

 Incompressible fluid flow 

The Governing equations were as follows: 

Continuity equation: 

∇ ∙ �⃗� = 0 (1) 

Where �⃗� is the air velocity.  

Momentum equation: 

∇ ∙ (𝜌�⃗��⃗�) = −∇𝑃 + ∇ ∙ (𝜏̅̅) + 𝜌�⃗� (2) 

Where 𝜌 is obtained from the ideal gas equation 𝜌 =
𝑃𝑜𝑝
𝑅

𝑀𝑤
𝑇
. In the ideal gas law equation, 𝑃𝑜𝑝is the operating 

pressure, 𝑅 is the universal gas constant and 𝑀𝑤 is the 

molecular weight of the gas. Also, P is the static pressure 

of air, 𝜌�⃗� is the gravitational body force, and �̅̅� is the stress 

tensor, calculated using the equation �̅̅� = 𝜇[(∇�⃗� + ∇�⃗�𝑇)]. 

In the stress tensor equation, 𝜇 is the molecular viscosity, 

and 𝐼 is the unit tensor. 

Energy conservation equation: 
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𝛻 ∙ (𝜌ℎ�⃗�) = 𝛻 ∙ [(𝑘 + 𝑘𝑡)𝛻𝑇] + 𝑆ℎ  (3) 

Where h is the sensible enthalpy, obtained from the 

equation h=∫ 𝐶𝑝𝑑𝑇
𝑇

𝑇𝑟𝑒𝑓
 where 𝑇𝑟𝑒𝑓 = 298.15 𝐾, k is the 

molecular conductivity, 𝑘𝑡 is the conductivity due to 

turbulent transport, which is calculated using the equation 

𝑘𝑡=
𝐶𝑝𝜇𝑡

𝑃𝑟𝑡
, 𝑆ℎ is the source term which includes all defined 

volumetric heat sources 

Species transport equation: 

∇ ∙ (𝜌�⃗⃗�𝑌𝑖) = −∇ ∙ 𝐽𝑖 + 𝑆𝑖  (4) 

Where, 𝑌𝑖 is the local mass fraction of each species, 𝑆𝑖 

is the rate of creation by addition from defined sources and 

𝐽𝑖 is the diffusion flux of species and is calculated from the 

equation  𝐽𝑖 = −(𝜌𝐷𝑖.𝑚 +
𝜇𝑡

𝑆𝑐𝑡
)∇𝑌𝑖. In the diffusion flux of 

species equation, 𝐷𝑖,𝑚 is the mass diffusion of each 

species, 𝜇𝑡 is the turbulent viscosity and 𝑆𝑐𝑡 is the 

turbulent Schmidt number (𝑆𝑐𝑡 = 0.7).  

The indoor zero equation was used for calculation of 

the turbulent viscosity. Indoor zero equation turbulence 

model was introduced by Chen and Xu [28]. This model 

was successful in simulating of the indoor airflows based 

on the previous investigations and more importantly, it 

helped the HVAC engineers due to its simple way of 

calculation. Eq. (5) determines the details of the equation. 

μt= 0.03874 ρ∙v∙l (5) 

Where l is the distance from the nearest wall and 

0.03874 is an empirical constant.  

The surface-to-surface radiation model was employed 

to simulate the effects of the radiation inside the chamber. 

The model is an economical and fast way to calculate the 

radiation effects in most applications. In order to introduce 

the pressure to the continuity equation, SIMPLE (Semi-

Implicit Method for Pressure-Linked Equations) algorithm 

was used. All of the mentioned quantities were computed 

using the second-order upwind scheme approach for 

discretization. 

2.2. Validation 

Before simulation of the CC/DV system, we simulated 

the experimental investigation in which conducted by 

Kobayashi and Chen [29] only to show the amount of error 

in the numerical simulation. Fig. 1 shows the details of the 

validation case.  The interior settings and wall boundary 

conditions are listed in Table 1. The main manuscript 

determined 9 poles throughout the room to show the 

temperature, velocity, and sulfur hexafluoride (SF6) 

profiles. In order to achieve a close trend with the 

experimental data of temperature, velocity, and SF6, 

several meshes were tested. According to the results, the 

number of 1782599 of three-dimensional hexahedral cells 

was adequate for a precious simulation. The mentioned 

cell numbers took approximately 5000 iterations for the 

governing equations to meet the convergence criteria (10-

4) for continuity equation. Fig. 2 shows the achieved 

profiles by simulation in comparison with the 

experimental data. Due to the main article preference, the 

temperature and SF6 are presented dimensionless. 

Table 1. The summary interior settings of the tested office  

Air change per hour  4.4   

Supply temperature 19℃   

Walls 

boundary 

conditions 

North 26.8℃ West 25.8℃ 

South 26.8℃ Floor 25.0℃ 

East 28.6℃ Ceiling 27.4℃ 

Internal 

heat sources 

Lamps 4 × 68 W PC-1 
108.5 

W 

Persons 2 × 75 W PC-2 
173.4 

W 

Sum 703.9 W   

 

Fig. 1. Configuration of Kobayashi et al. [29] chamber; 1 – shelf 2 – PC-1 3 – PC-2 4 – Occupant 1 5 – Occupant 2. 
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Pole 7 Pole 8 Pole 9 

Fig. 2(a). comparison between numercial and experimental data of temperature profiles: TEM = (T-Tsupply) / (Texhaust- Tsupply) 
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Fig. 2(b). comparison between numerical and experimental data of velocity profiles 

0

0.5

1

1.5

2

2.5

0 0.1 0.2 0.3 0.4 0.5

Y
(m

)

V(m/s)

0

0.5

1

1.5

2

2.5

0 0.1 0.2 0.3 0.4 0.5

Y
(m

)

V(m/s)

0

0.5

1

1.5

2

2.5

0 0.1 0.2 0.3 0.4 0.5

Y
(m

)

V(m/s)

0

0.5

1

1.5

2

2.5

0 0.1 0.2 0.3 0.4 0.5

Y
(m

)

V(m/s)

0

0.5

1

1.5

2

2.5

0 0.1 0.2 0.3 0.4 0.5

Y
(m

)

V(m/s)

0

0.5

1

1.5

2

2.5

0 0.1 0.2 0.3 0.4 0.5

Y
(m

)

V(m/s)

0

0.5

1

1.5

2

2.5

0 0.1 0.2 0.3 0.4 0.5

Y
(m

)

V(m/s)

0

0.5

1

1.5

2

2.5

0 0.1 0.2 0.3 0.4 0.5

Y
(m

)

V(m/s)

0

0.5

1

1.5

2

2.5

0 0.1 0.2 0.3 0.4 0.5

Y
(m

)

V(m/s)



230 S. Arzani/ JHMTR 8 (2021) 225- 241 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Pole 1 Pole 2 Pole 3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Pole 4 Pole 5 Pole 6 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Pole 7 Pole 8 Pole 9 

Fig. 2(c). comparison between numerical and experimental data of SF6 concentration profiles: 

SF6 = (SF6 − SF6 inlet
)/(SF6 exhaust

− SF6inlet
) 
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The method to transfer the data to a non-dimensional 

form in these two fields is provided in figure captions of 

Fig. 2. According to the simulation results, the simulated 

trend agreed well with the experimental data in most of the 

poles (except some errors in poles 1 and 5 of velocity filed) 

of temperature and velocity filed (see Figs. 2a and 2b). 

Nevertheless, a great difference was occurred between our 

simulations and the experimental trend in SF6 profile 

around the contaminant source (see Fig. 1c pole 8 and 9). 

According to the main manuscript, the tracer-gas source 

was a point source, and the contaminant was very sensitive 

to the position. Despite this problem, the other poles of the 

contaminant profile were well simulated compared to the 

experimental measurements. This result indicating that the 

numerical approach which was explained in the airflow 

modeling was reasonable. 

2.3. Scenarios 

Fig. 3 shows the simulated room of the target model. 

The size of the room was 4 m length, 3 m width and 2.7 m 

height. The simulated heat sources and the released heat 

from each of them are listed in Table 2. The total air 

volume and the supply temperature were 4 ACH (air 

change per hour) and 20℃, respectively. As mentioned, 

three exhaust vent locations were considered to investigate 

the effects of chilled ceiling on the IAQ. 

Fig. 3 (a) shows cases 1 and 2. The difference of these 

cases was the position of the exhaust vent. In case 1 the 

exhaust vent was placed at the ceiling (The traditional 

location for the exhaust vent) and was combined with the 

chilled surface.  

Table 2 the summary conditions of heat sources in the 
simulated office 

Internal heat sources Cooling load (W) 

Occupants 70 × 2 

PC-case 50 × 2 

PC-monitor 65 × 2 

Light-Simulator 24 × 2 

Total 418 

 

 

 

 

(a) (b) 

  

(c) (d) 

Fig. 3 (a) Configuration of the cases 1 and 2; 1 – PC monitor; 2 – PC case; 3 and 4 – Occupants; 5 – Lamps; 6 – Local exhaust 
vent; 7 – exhaust vent terminal; 8 – Displacement diffuser; (b) positions of poles, contaminant and heat sources; (c) case 3; 

(d) case 4. 
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Case 2 represents the LEV strategy, which means the 

air suction unit was active. In this case, the polluted air 

leaves the micro-climate around the occupants via the air 

suction device. Case 3 represents low height exhaust vent 

strategy (see Fig. 3c). Generally, the exhaust vent must be 

located at high heights or even at the ceiling in the STRAD 

systems. However, in some cases, the low-height exhaust 

vent strategy improved the particle removal efficiency. 

Since the role of the chilled surface is still unknown in the 

contaminant removal of a system, it was reasonable to 

check the performance of the hybrid CC/DV in the low 

height of the exhaust vent.  

Case 4 also shows another common place for the 

exhaust vent. Aside from comparison between cases, each 

case study was also compared with the base model of 

themselves (Without chilled ceiling) to find out the 

possible disturb or improvement effect of a chilled surface. 

Therefore, computation was solved with/without the 

chilled surface for each case study. As the design range for 

temperature of the chilled ceiling is between 16 to 19 ℃, 

the chilled surface temperature in this study was 

considered 17℃ for all of the hybrid case studies. The area 

of the chilled ceiling in the hybrid mode was the entire roof 

(see Fig. 3a). For the standalone cases (without chilled 

surface), the temperature of the ceiling was 27.4℃ which 

was the main boundary condition.  

The contaminant sources of the geometry were the 

exhaled air of the occupants. Two opening units for CO2 

gas were placed at the height of the 1.1 m from the floor to 

simulate the occupants' nose. The direction of the opening 

diffusers was designed as 45° below horizontal axis. The 

temperature and speed of the occupants’ exhaled air were 

equal to be 34℃ and 0.7 m/s, respectively. As the human 

exhaled air contains nitrogen, oxygen, carbon dioxide, and 

argon, carbon dioxide (CO2) was selected to represent the 

distribution of the pollution inside the office. Therefore, 

the considered mass fraction for the CO2 was equal to 5 

percent, which is the real proportion of this gas rather than 

other contaminants in the human exhaled mixture. The 

considered boundary condition of the exhaust vent was 

pressure-outlet.  As mentioned, the target model had no 

experimental data. Consequently, before computing the 

scenarios, we conducted the grid indecency test. 

2.4. Grid study 

The aim of this section is determination of the required 

number of cells in the target model. Since there were no 

massive geometrical changes in the scenarios, only one 

scenario was selected to perform the grid independency 

test. The selected case study was case 1 without chilled 

surface. In order to do the test, four numbers of cells were 

considered. Furthermore, in order to achieve high 

precision, all of the tested scenarios had more cells in the 

vicinity of the occupants, heat sources, inlets, and the 

outlet diffusers. The Considered number of cells are listed 

in Table 3. As it was mentioned, the grid study was 

conducted at the introduced poles of Fig. 1. 

 

Table 3 The nodes number in grid study precedure 

Grid 

type 
 

Number of 

elements 

Number of grid 

nodes 

Mesh_1  123.212 134.014 

Mesh_2  617.256 651.710 

Mesh_3  1.252.725 1.300.259 

Mesh_4  1.711.943 1.768.303 

 

According to Fig. 4, there was no significant changes 

by increasing the cell numbers from mesh_2, mesh_3 and 

mesh_4 in the temperature and velocity field. However, 

the difference between Mesh_2 and Mesh_3 was found in 

the contaminant profile. Briefly, by considering all of the 

profiles, there was no significant change by increasing the 

cell numbers from Mesh_3 to Mesh_4. Therefore 1252725 

elements were adequate for a precious simulation. Similar 

cell numbers were used for the other scenarios.  

 

3. Evaluation indexes 

3.1. Temperature distribution 

The vertical temperature gradient is one of the vital 

factors for analyzing the occupant’s indoor thermal 

comfort in a room. According to ISO7730 [30], if the 

temperature difference between head level (1.1m from the 

floor) and the feet level (0.1m from the floor) exceeds 

more than 3ºC, occupants may feel the local thermal 

discomfort. Moreover, ASHRAE Standard 55 [31], 

defined the favorable mean room air temperature between 

23 to 26°C. 

3.2. Indoor air quality (IAQ) criteria 

The considered indexes for the post-processing phase 

of IAQ was normalized CO2 concentration at the 

introduced poles and at the inhaled zone, ventilation 

effectiveness, mean age of air (MAA) and air change 

efficiency (ACE). All of the mentioned indexes are 

representing the air quality inside the office. Eq. (6) shows 

the normalized concentration: 

𝜀𝑛 =
𝐶 − 𝐶𝑠

𝐶𝑒 − 𝐶𝑠

=  
𝐶

𝐶𝑒

 (6) 

Where 𝐶 is the pollution at a point or area somewhere 

in the space where (in this study is either concentration at 

the introduced poles or the inhaled zone), 𝐶𝑒 is the 

pollution at the exhaust vent and 𝐶𝑠 is the pollution at the 

opening diffuser (here 𝐶𝑠 = 0). It is clear that the lower 

values of 𝜀𝑛 shows the healthier inhaled environment for 

the occupants. For diluting base systems like the 

traditional MV systems, 𝜀𝑛 is equal to unity. Values more 

than unity shows that the considered position for 

calculation has more contaminant compared to the 

concentration at the exhaust vent.  Comparing to Eq. (6), 

ventilation effectiveness is defined as: 

𝜀𝑒 =
𝐶𝑒 − 𝐶𝑠

𝐶𝑝 − 𝐶𝑠

=  
𝐶𝑒

𝐶𝑝

 (7) 
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Fig. 4 Grid independency results 
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Fig. 5. Comparison of temperature (℃) contours between DV and Hybrid scenarios 
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Fig. 6. Comparison of contaminant contours between DV  and Hybrid scenarios 
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 Fig. 7. Normalized contaminant distribution between DV (dash lines) and hybrid scenarios 
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Table 4. The results of temperature distribution analyze 

 

 

 

 

 

 

 

 

Where 𝐶𝑝 is the mean concentration in the occupied 

zone (0-1.3 m from floor), 𝐶𝑒 is the concentration at the 

exhaust vent. Contrary to the normalized concentration, 

the more values of 𝜀𝑒 represents the better ventilation 

scenario for the office. The acceptable value for a STRAD 

system is above 1.2 [31]. 

MAA index evaluates the freshness of the operating air. 

Actually, MAA is the average lifetime of air molecules at 

a certain position based on the time which they were 

entered the room. As it is clear, the older age of air 

represents the poorer air transference. The MAA is 

governed by the following transport equation: 

𝜕

𝜕𝑡
(𝜌𝜏) +

𝜕

𝜕𝑥𝑗

(𝜌𝑢𝑗𝜏) =
𝜕

𝜕𝑥𝑗

(𝛤𝑡

𝜕𝜏

𝜕𝑥𝑗

) + 𝜌 (8) 

Where 𝜏 is the mean age of air (s), 𝛤𝑡 is the effective 

diffusion coefficient (dimensionless) and 𝜌 is the fluid 

density (kg/m3). Also, 𝜏 = 0 at the supply diffuser and 
𝜕𝜏

𝜕𝑥𝑗
 = 

0 at the exhaust vent and the walls are boundary 

conditions. For calculating the MAA in breathing zone a 

cubature was assumed in front of each occupant at the 

height of 1.1 m from the floor. 

ACE is an index for quantifying the ability of a system 

to renew the air in the room, and it is defined as the ratio 

between the minimum and the actual mean replacement 

times. The ACE was obtained from the following 

equation: 

𝜀𝑎 =  
𝑉 𝑄𝑒⁄

2𝜏�̅�

 × 100 =  
𝜏𝑛

2𝜏�̅�

 × 100 (9) 

Where V is the air volume of the enclosed space, 𝑄𝑒 is 

ventilation flow rate, and 𝜏𝑛 is the nominal time constant 

or the mean age of air in the exhaust which is equal to 

𝑉 𝑄𝑒⁄  and �̅�𝑎 is the room mean age of the air. The ACE 

index is between 0 and 100%. For a stratified flow 𝜀𝑎 is 

between 50% and 100%. In another word, 𝜏𝑛 must be 

bigger than �̅�𝑎. A 𝜀𝑎 Lower than 50% represents the short-

circuit flow and defection of the system in ventilation. In 

this scenario, the mean age of air at exhaust is smaller than 

the mean age of air of the entire area (𝜏𝑛 < �̅�𝑎). 

 

4. Result and discussion 

3.1. Temperature and contaminant 
distribution 

Temperature contours have been depicted in Fig. 5. 

According to Fig. 5 and table 4, the hybrid scenarios had 

lower average temperature compared to the standalone DV  

 

system, and were able to maintain the recommended 

temperature range suggested by ASHRAE [31]. Moreover, 

the local thermal discomfort index was in a standard range 

for both occupants, whereas in the index was out of 

standard range in most cases of the DV system. Totally 

one can say that the hybrid DV-CC would result in an 

improved thermal sensation.  

The contaminant distribution analysis was divided into 

three sections: 1. Contaminant distribution throughout the 

room 2. Contaminant concentration at the inhaled zone. 3. 

Ventilation effectiveness. 

Fig. 6 determines the contaminant contours at the 

central plane (x = 2 m) for all of the cases. As shown in 

Fig. 6, the contaminant profile was completely stratified 

and ideal in the standalone modes of cases 1 and 2. 

Nevertheless, by addition of the chilled surface, inversion 

phenomenon divided the contaminant throughout the room 

and turned the profile close to a diluting base system. 

Therefore, it was obvious that the chilled ceiling caused 

disturb effect due to deteriorating the stratified form of the 

particles. 

Based on Fig. 6, the transference of the contaminant 

had defection in the standalone modes of cases 3 and 4. 

Due to inefficient places of the exhaust vent in these two 

cases, the healthy and fresh air left the room without 

carrying any particles. Consequently, the polluted air 

remained above the occupants. However, in the hybrid 

mode of cases 2 and 3, the contaminant was relatively 

divided throughout the room. Unlike pervious cases, the 

mixing impact of the inversion phenomenon improved the 

contaminant distribution. Fig. 7 shows each case study's 

normalized CO2 concentration profile at the introduced 

poles (see Fig. 1). Regardless of the exhaust vent location, 

the contaminant concentration was higher in the lower 

heights of the room in the hybrid CC/DV system which 

was caused by the inversion phenomenon. The most 

important height for analysis is between 1 - 1.5 where the 

occupants breathing the air. According to Fig. 7, In cases 

1 and 2, the CC/DV curve shows higher CO2 concentration 

at the breathing zone in most of the poles. In case 1, The 

highest disturb effect in the breathing zone was occurred 

in pole 4 at 1.5 m height from the floor.  

At this height, the contaminant concentration was 0.65 

and 1.07 for the standalone and the hybrid mode, 

respectively. Based on Fig. 7 for case 2, the hybrid CC/DV 

system was unable to improve the efficient performance of 

LEV strategy. However, the disturb effect was relatively 

reduced compared to the first case at the breathing zone. 

improvement by the hybrid mode was achieved in cases 3 

Case study 

Local thermal discomfort  

Occupant 1  Occupant 2 Mean room temperature 

DV CC/DV  DV CC/DV DV CC/DV 

1 3.8 1.8  3.4 1.6 26.7 24.7 

2 2.3 1.0  3.4 1.0 26.8 24.7 

3 3.8 1.9  3.8 1.8 27.1 25.1 

4 4.0 1.3  3.5 0.9 27.0 24.7 
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and 4. For instance, in case 3, the CO2 concentration in the 

breathing zone was reduced from 1.45 to 1.07 by addition 

of the chilled ceiling in pole 2 at the height of 1 m from 

the floor. The highest improvement in case 4 was occurred 

in pole 2, as well. Where the CO2 concentration was 

reduced from 1.35 to 1.00 at the height of 1.2 m from the 

floor. The improvement by the chilled ceiling was more 

obvious in case 3 compared to case 4. It means chilled 

surface was helpful in contaminant distribution when the 

exhaust vent was placed in less efficient places. However, 

there was no improvement when the exhaust vent was 

placed in the optimized place. In addition, despite the 

improvement which was achieved in cases 3 and 4, the 

hybrid performance in case 2 still suggested the safer 

environment compared to hybrid mode of cases 3 and 4 in 

most of the poles. Therefore, LEV was a better strategy 

rather than ceiling or low height exhaust strategy.  

By analyzing the results of the contaminant 

concentration only at the inhaled zone, it was obtained that 

all of the hybrid cases had disturb effects compared to the 

standalone mode.  Fig. 8 (a) and (b) determines the 

normalized CO2 concentration at the inhaled zone for 

occupant 1 and 2, respectively. In case 1, the CO2 

concentration was increased from 0.80 to 0.97 for 

occupant 1 and the index increased from 0.48 to 0.88 for 

occupant 2 by addition of the chilled surface. In case 2, the 

CO2 concentration was increased from 0.75 to 0.87 for 

occupant 1 and the ascending trend was obvious in 

occupant 2 which inversion phenomenon increased the 

index from 0.41 to 0.73. In case 3, the same trend was 

repeated and the concentration was increased from 1.05 to 

1.17, and 0.88 to 0.97 for occupant 1 and 2, respectively.  

In the standalone mode of case 4, the index was 0.93 and 

0.59 for occupant 1 and 2, respectively. As a result, the 

values in the hybrid mode passed from the allowable 

values for occupant 1 as CO2 concentration raised until 

1.08 and 0.91 for occupant 1 and 2, respectively. It was 

clear that the CO2 concentration was relatively kept in the 

stratified form for both occupants in the hybrid mode of 

case 2. In another words, the normalized CO2 

concentration was lower than unity. It means LEV strategy 

was able to maintain the safe environment around the 

occupants’ nose even by conjunction of DV and CC 

systems. All of the chilled ceiling effects on the 

contaminant distribution can be summarized in the 

ventilation effectiveness performance. According to Fig. 8 

(c), case 3 had the lowest value compared to the other 

cases. However, addition of a chilled surface improved the 

index from 0.80 to 0.85. In case 4, the index for the 

standalone mode was equal to 1.00 and ventilation 

effectiveness had weaker performance in the hybrid mode 

which the value decreased to 0.93. Both hybrid modes of 

cases 3 and 4 had values less than unity which reported 

serious defection in transference of the particles to the 

outside environment in the presence of a chilled surface. 

Nevertheless, the value of the index was more than unity 

in cases 1 and 2 even by addition of a chilled surface. In 

case 2 the index was reduced from 1.46 to 1.22. It means, 

by usage of LEV method, it was possible to maintain the 

ventilation effectiveness of the system in the hybrid mode. 

4.2. MAA and ACE analyze 

Fig. 9 (a) and (b) determines the MAA index at the 

breathing zone for occupant 1 and 2, respectively. 

According to the results, addition of the chilled surface 

caused poorer MAA compared to the standalone mode. 

However, the disturb effect was vary according to the 

exhaust vent location. For instance, In the standalone 

mode of case 2, the MAA index were equal to 768 and 662 

(s) for occupant 1 and 2, respectively. Addition of the 

chilled ceiling increased the values until 907 and 776 (s) 

for occupant 1 and 2, respectively. Similar increase was 

obvious in the other cases. Nevertheless, due to better 

performance of the system in cases 1 and 2, increase of the 

MAA index was less considerable than the hybrid mode of 

cases 3 and 4.  
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Fig. 8. (a) CO2 concertation at the inhaled zone of 
occupant 1; (b) CO2 concertation at the inhaled zone of 

occupant 2; (c) result of ventilation effectiveness 
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Fig. 9 (c) represents the effects of the chilled ceiling on 

the MAA for the entire zone for each case study. The 

increase in the MAA index can be found in this figure, as 

well. For instance, the MAA of the entire zone was 

increased from 694 to 825 (s) by addition of the chilled 

surface in case 2. The similar result was obtained in case 

1. Therefore, cases 1 and 2 had the lowest disturb effect 

compared to cases 3 and 4.  

Fig. 9 (d) shows the results of ACE index. According 

to the results, addition of the chilled ceiling caused disturb 

effect regardless of the exhaust vent location. In both cases 

3 and 4, the hybrid performance of CC and DV system 

caused defection in renewing the operating air due to 

unaccepted values of ACE index. Nevertheless, due to 

acceptable value of the ACE in the standalone 

performance of cases 1 and 2, the index was still in the 

allowable range even by conjunction of DV and CC 

systems.  

 

Conclusion 

Conclusion may review the main points of the author 

work. Also, it could include application of proposed 

method and suggestion for feature research. 

In this study, the effects of a chilled ceiling on indoor 

air quality (IAQ) in a displacement ventilation (DV) 

system were investigated. In order to analyze, four places 

for exhaust vent were considered. The scenarios were 

included local exhaust vent (LEV), low height exhaust 

strategy, and two cases for the near ceiling exhaust vent. 

The important results are listed as below: 

 The average temperature of the room was higher than 

suggested values of ASHRAE standard 55 in 

standalone DV system. However, CC/DV systems can 

offer a favorable thermal sensation for the occupants. 

 The effects of the chilled ceiling on the contaminant 

distribution outside the micro-environment of the 

occupants were depended on the exhaust vent location. 

When the exhaust vent was placed at the low height of 

the room, the chilled ceiling positively affected the 

contaminant distribution. Nevertheless, in more 

optimized place (LEV strategy), addition of the chilled 

ceiling caused disturb effect, and there were no 

improvements. 

 Based on the results, in the hybrid CC/DV systems, the 

normalized CO2 concentration at the inhaled zones 

were increased between 11.4% to 83.3% according to 

the exhaust vent location. However, by the LEV 

  

(a) (b) 

  

(c) (d) 

Fig. 9. the result of MAA (s) index along (a) Occupant 1; (b) Occupant 2; (c) Entire zone; (d) ACE index 

0 200 400 600 800 1000

Case 1

Case 2

Case 3

Case 4

DV CC/DV

0 200 400 600 800 1000

Case 1

Case 2

Case 3

Case 4

DV CC/DV

0 200 400 600 800 1000

Case 1

Case 2

Case 3

Case 4

DV CC/DV

0 0.2 0.4 0.6 0.8

Case 1

Case 2

Case 3

Case 4

DV CC/DV



240 S. Arzani/ JHMTR 8 (2021) 225- 241 

strategy it was possible to maintain the normalized 

CO2 fraction less than unity (acceptable range) even by 

the mentioned increment of the concentration.   

 The effects of the chilled ceiling on the ventilation 

effectiveness were also negetive. The deficiency was 

between 7% to 18% depending on the exhaust vent 

location. Neverthless, the LEV strategy was able to 

keep the index in the allowable range even by adding 

a chilled surface. 

 Chilled surface caused poorer MAA at both breathing 

zone and the entire zone. The same result was observed 

for the ACE index. 

 By LEV strategy, it was possible to maintain all of the 

IAQ requirements with a safe inhaled zone in the 

hybrid CC/DV system along with improved thermal 

sensation compared to the standalone DV mode. 

 

Nomenclature 

𝜌 Density of air (kg m3⁄ ) 

P Static pressure of air (Pa) 

𝑃𝑜𝑝  Operating pressure (Pa) 

�⃗� Velocity (m/s) 

�⃗� Gravitational acceleration (m s2⁄ ) 

𝜏̿ Stress tensor (Pa) 

𝑅 Universal gas constant (J/K. mol) 

𝑀𝑤  Molecular weight of the gas 

ℎ Sensible enthalpy (J) 

𝑐𝑝 
Specific heat capacity at constant pressure 
(J kg. K)⁄  

𝜏 Mean age of air (s) 

𝜏𝑛 Nominal time constant (s) 

𝜏�̅�  Room mean age of air (s) 

𝛤𝑡  Effective diffusion coefficient 

𝜀𝑛 Normalized CO2 concentration at a point 

𝜀𝑒 Ventilation effectiveness 

𝜀𝑎 Air change efficiency 

𝐶 CO2 concentration at a point 

𝐶𝑠 CO2 concentration at opening diffusers 

𝐶𝑒  CO2 concentration at exhaust vent 

𝐶𝑝 CO2 concentration at occupied zone 

𝜇𝑡 Turbulent dynamic viscousity (Pa.s) 

Sct Turbulent Schmidt number 

L Distance from the nearest wall (m) 

CC Chilled ceiling 

DV Displacement Ventilation 

STRAD Stratified air distribution 

UFAD Under-floor air distribution 

IAQ Indoor air quality 

LEV Local exhaust vent 
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