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RESEARCH ARTICLE

The role of design parameters on the performance of diffuse
ceiling ventilation systems – thermal comfort analyses for
indoor environment
Parastoo Sadeghian a, Samira Rahnamab, Alireza Afsharib and Sasan Sadrizadeh a,c

aDepartment of Civil and Architectural Engineering, KTH Royal Institute of Technology, Stockholm, Sweden;
bDepartment of Built Environment, Aalborg University Copenhagen, Copenhagen, Denmark; cSchool of
Business, Society and Engineering, Mälardalen University, Sweden

ABSTRACT
Thermal comfort conditions profoundly affect the occupants’
health and productivity. A diffuse ceiling ventilation system is an
air distribution system in which the air is supplied to the
occupied zone with relatively a low velocity through the
perforated panels installed in the ceiling. The current study
evaluated the impact of diffuse ceiling design parameters, i.e.
diffuse panel configurations and heat load distributions, on the
thermal comfort condition of the occupants. In this regard, the
computational fluid dynamics technique was used to evaluate
thermal comfort conditions in a waiting room, meeting room and
office. The central and dispersal configuration of active diffuse
panels was considered. The PMV-PPD model was applied to
evaluate the overall occupants’ comfort, while the draft rate was
considered to assess local thermal comfort. The model validation
was performed by comparing the collected laboratory
measurement data. Overall, the results indicated that the central
active diffuse panel configuration had a better thermal comfort
than the dispersed one. The evaluation of dispersed configuration
in realist scenarios, including office and waiting room, had the
highest dissatisfaction, with a PPD value of 9%. Local thermal
comfort assessment revealed that dispersed configuration had
the highest draft rate of 14% in the office.
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1. Introduction

Buildings are expected to provide satisfying indoor environments for the occupants.
Thermal comfort is an important design criterion for indoor environmental quality that
affects occupants’ comfort, productivity, and well-being (Bakhtiari et al., 2020; Humphreys
et al., 2007). According to the World Health Organization, thermal comfort is a situation in
which occupants are satisfied with the indoor thermal condition that can affect their phys-
ical, mental and social health conditions (World Health Organization, 1999). The
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ventilation system of a building is designed to control indoor air quality and provide a
thermally comfortable environment (Gomes et al., 2021; Yuan et al., 2022). Thus, careful
design and analysis of the factors that affect indoor thermal comfort is a key point to
achieving a satisfying thermal condition for the occupants.

Ventilation systems are responsible for providing clean air in an enclosed environment
and delivering a satisfying thermal condition for the occupants (Sadrizadeh et al., 2021). A
wide range of studies experimentally and numerically evaluated the thermal comfort con-
dition of different ventilation systems (Cheong et al., 2003; Noh et al., 2007; Sadrizadeh
et al., 2017; Sadrizadeh & Holmberg, 2016; Stamou et al., 2008). Various air distribution
strategies have been used to supply clean air in offices, schools and hospitals. Displace-
ment and mixing strategies are among the common ones in offices and classrooms.

A diffuse ceiling ventilation system is a recent ventilation strategy that supplies cold air
with low airflow momentum (Fan et al., 2013; Jacobs et al., 2008). This system distributes
air to the occupant area using the space between the diffuse ceiling panels and the ceiling
slab, called a plenum. A ceiling with a diffuse ceiling system consists of active and passive
perforated panels, in which the cold air is ventilated to the room by passing the active
panels. In this system, the thermal plume generated by the heat loads in the room is
the driving force for the air distribution. Since the upward thermal plume and downward
cold air from the diffuse ceiling drive the air movement, the heat sources’ relative location
with active diffuse panels plays an important role in airflow behaviour in the room (Zhang,
Yu, et al., 2016b).

Diffuse ceiling ventilation systems are proper for cooling indoor environments with
high heat loads, such as office buildings and schools. This ventilation system has a high
potential for removing heat from a room compared to the conventional air distribution
system (Nielsen & Jakubowska, 2009). Due to the large area of the diffuse ceiling, the
system performs with a lower pressure drop to distribute the room’s air. Jacobs and
Knoll (2009) reported a 50% reduction in energy use in the classroom with the diffuse
ceiling ventilation system since the fan needs less energy in this case rather than fully
ducted systems.

Applying a proper air distribution system to satisfy thermal comfort has always been
challenging for designers. Since there is a demand for a high velocity of clean air in
mixing ventilation systems, this might increase the dissatisfaction risks of the occupants.
Moreover, locating the air suppliers close to the floor level in the displacement system
increases the draft risk. However, diffuse ceiling air distribution systems supply air with
a low velocity, reducing the draft risk even if the outdoor cold air is directly supplied to
the occupied zone (Jacobs & Knoll, 2009; Nielsen & Jakubowska, 2009; C. Zhang et al.,
2016b). Moreover, diffuse ceiling ventilation systems have been more energy-efficient
in removing indoor heat compared with conventional air distribution systems. Nielsen
and Jakubowska (2009) performed an experimental study about the cooling capacity of
six different air distribution systems, including diffuse ceiling systems. Their results indi-
cated that the diffuse ceiling system had a high potential to manage the highest heat
load condition.

The performance of diffuse ceiling ventilation systems depends on various design par-
ameters, such as the room’s height, diffuse ceiling structure, design of the plenum,
amount of heat loads and their locations in the occupied space. Various research
studies investigated the impact of different design parameters, as listed in Table 1. The
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numerical results of C. Zhang et al. (2016b) showed that the dimension of the plenum and
the location of the supply air duct had an impact on the cooling capacity of the diffuse
ceiling system. Regarding the location of the heat sources, Nielsen et al. (2015) experimen-
tally studied the impact of three different configurations of heat loads in a room. Their
measurements revealed that evenly distributed heat loads resulted in the highest
cooling capacity of the diffuse ceiling. Zhang, Kristensen, et al. (2016a) evaluated the per-
formance of diffuse ceiling in a classroom with four configurations of the heat loads. They
considered even distribution, centred configuration, and locating in front and back of the
test room. Their results showed that evenly distributed heat sources generated lower
draft risk in the occupied space. Furthermore, Lestinen et al. (2018) studied the distri-
bution of asymmetrical and symmetrical heat sources in a room with a diffuse ceiling
system. They reported that asymmetrical heat load distribution resulted in a higher
airflow fluctuation compared with the symmetrical one. The distribution of the active
diffuse panels (ADP) also affects the cooling capacity of the diffuse ceiling. The numerical
study performed by Nocente et al. (2020) investigated the chess-board and complete
cover of diffuse ceiling configurations. Their results showed that both configurations
had no considerable difference in pressure drop aspects.

The previous literature mainly concentrated on a specific design parameter, excluding
other parameters’ impact. The relative location of heat loads and active diffuse panels has
not been investigated in mentioned studies. As an instance, Nocente et al. (2020) evalu-
ated the role of diffuse ceiling active panels in a roomwithout heat sources. Moreover, the
investigated cases in the aforementioned works have been based on a few experimental
or numerical cases, which is difficult to reach a general result and conclusion. For instance,
Zhang, Kristensen, et al. (2016a) and Nocente et al. (2020) investigated three and two
scenarios, respectively. Thus, the authors’ previous study (Rahnama et al., 2020) concen-
trated on the impact of the relative location of diffuse ceiling active panels and heat load
distribution on the cooling capacity. In this regard, ten different scenarios were evaluated
numerically and experimentally. Our previous results showed that the central configur-
ation of ADPs with about 30% opening area and evenly distributed heat loads had the
highest cooling capacity. The current study aimed to investigate further the effect of
diffuse ceiling design parameters on the occupants’ thermal comfort condition of selected

Table 1. Summary of previous studies on diffuse ceiling ventilation.
Reference Investigated design parameter Function Main method Major findings

Zhang et al.
(2016b)

Plenum dimension-location of
the supply air

Cooling
capacity

Full-scale
measurement

Supply air duct location
affected the cooling capacity

Nielsen et al.
(2015)

Three different configurations
of the heat loads

Cooling
capacity

Full-scale
measurement

Evenly distributed heat loads
had the better cooling
performance

Zhang,
Kristensen,
et al. (2016a)

Four different configurations
of heat loads

Cooling
capacity

Experimental and
numerical

Evenly distributed heat loads
had lower draft risk

Lestinen et al.
(2018)

Asymmetrical and symmetrical
heat sources distribution

Cooling
capacity

Full-scale
measurement

asymmetrical heat load
distribution had higher
airflow fluctuation

Nocente et al.
(2020)

Chess-board and complete
cover of diffuse panels
configurations

Cooling
capacity

Full-scale
measurement

both configurations had no
different pressure drop
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cases from our previous study. The current work has the following contributions com-
pared with our previous study (Rahnama et al., 2020):

. Our previous study investigated the role of design parameters on the cooling capacity,
while the present study evaluated the local thermal comfort and overall comfort.

. The geometry and configuration of investigated cases were modified to a more realistic
condition, including considering human manikin models and monitors instead of sim-
plified cylinders.

. The application of the diffuse ceiling has been mainly investigated for classrooms and
offices. However, the performance of these systems in meeting and waiting rooms has
not been discussed in detail while employees and patients spend long hours in these
environments. In this regard, the present study evaluated this system’s application in
several cases, including meeting and waiting rooms in a clinic building beside an office.

The present study applied the computational fluid dynamics (CFD) technique to evalu-
ate the thermal comfort of occupants in selected scenarios from our previous study. The
numerical models were validated with measurement results by simulating the CFD model
of the experimental study. The individuals’ overall thermal sensation and local thermal
comfort were assessed in all investigated scenarios.

2. Experimental study

Full-scale experimental studies were carried out in a guarded hot box in a laboratory with
the internal dimension of 4.2 m length, 3.6 m width and 2.5 m height for the occupied
zone. Figure 1 shows the outside and inside configurations of the hot box (Zhang
et al., 2015).

A diffuse ceiling made of wood wool cement panels separated the occupied zone from
the plenum area. The heat load was generated with six cylinders, each attached to an elec-
tric lamp with a power regulator to have different heat loads ranging from 370 to 1070 W
in different experimental scenarios, as listed in Table 2.

The height of the cylinders was 1.1 m representing a seated person. Fifteen poles, each
equipped with three Dantec hot-sphere anemometer probes, were located in the room to
measure and log air velocity and temperature every 0.2 s at 45 points of the occupied

Figure 1. Inside (Rahnama et al., 2020) and outside view of the guarded hot box located at Aalborg
University, Department of the Build Environment.
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zone. These poles were 0.5 distanced from each wall for covering the occupied zone
based on DS/EN 13779 (DS/EN 13779 Dansk Standard, Ventilation for Non-Residential
Buildings – Performance Requirements for Ventilation and Room-Conditioning Systems,
2007). Each measurement was performed over 3 min according to DS/EN 13182 (DS/EN
13182 Dansk Standard, Ventilation For Buildings - Instrumentation Requirements For
Air Velocity Measurements In Ventilated Spaces, 2002) was calculated and considered
for each anemometer probe. The uncertainty of velocity measurement is ± 0.02 m/s for
the range of 0–1 m/s. The poles were located at a 0.5 m distance from the walls to
cover the occupied zone based on recommendations from DS/EN 13779 (DS/EN 13779
Dansk Standard, Ventilation for Non-Residential Buildings – Performance Requirements
for Ventilation and Room-Conditioning Systems, 2007). The anemometer probes were
at the height of 0.1, 1.1, and 1.8 m above the floor, according to DS/EN 15726 standard
for measurements in the occupied zone for evaluation of thermal conditions (DS/EN
15726 Dansk Standard, Ventilation for Buildings – Air Diffusion – Measurements in the
Occupied Zone of Air Conditioned/Ventilated Rooms to Evaluate Thermal and Acoustic
Conditions, 2012), as shown in Figure 2. The air was evenly supplied through a cylindrical
textile duct in the plenum and was extracted through a 0.13 m × 0.13 m exhaust duct
placed in the lower zone of the room. The supply airflow rate was regulated with a fre-
quency-controlled fan and measured with an orifice plate to provide three different
supply airflow rates equal to 40, 80 and 100 l/s in different experimental scenarios. The
exhaust airflow rate was controlled to be equal to the supply airflow rate, providing a
balanced ventilation system. Thermocouples with the uncertainty measurement of ±

Table 2. The applied heat loads, supply airflow rate and temperature in experimental scenarios.
Experimental cases Flow rate [l/s] Temperature [°C] Q[W]

Case 1 40 9.7 399
Case 2 40 9.7 576
Case 3 80 13.0 732
Case 4 80 9.4 1024
Case 5 100 14.9 723
Case 6 100 11.3 1028

Figure 2. The configuration of the experimental room and location of the measurement points.
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0.15 K were used to measure the supply and extract air temperature, as well as wall
surface temperature for validation of the CFD model. The details of the experimental
study have been explained in (Rahnama et al., 2019).

3. Numerical study

3.1. Modelling the airflow

The current research study simulated the steady-state temperature and airflow field by
applying the Reynolds-Averaged Navier-Stokes (RANS) model. The RANS approach
needs less computational resources in comparison with the large-eddy and direct numeri-
cal simulations. The turbulent behaviour of the indoor airflow was modelled by adopting
the k-ε turbulence model. In the current study, the two-equation Realizable k-εmodel was
used. This model computes the eddy viscosity and turbulent dissipation rate with two
different equations (Shih et al., 1994). Moreover, the realizability of this model results in
a more accurate prediction of the airflow field (Chen, 1995; Van Maele & Merci, 2006),
besides having less calculation time (Nielsen, 2015; Zhang et al., 2007). This turbulence
model has been adopted in previous studies and provided accurate results for the
current application (Romano et al., 2015; Sadrizadeh et al., 2016). The conservation
equations of mass, momentum and energy were considered. The conservation equations
can be written in the general form of Eq. 1,

∂

∂t
(rf)+ ∇.(rf�V − Gf∇f) = Sf (1)

where f represents the corresponding transported quantity, is �V the air velocity vector, r
is the air density, Gf is the (effective) diffusion coefficient and Sf is the source term.

The airflow field was simulated in all cases by using ANSYS Fluent 19.1. The Coupled
Scheme was used to couple the pressure and velocity. The Second Order Upwind
Scheme was adopted to discretise the convective part of all equations, while the
PRESTO! Scheme was applied for the pressure. The root-mean-square residual value of
1×10−6 was adopted as convergence criteria for considered equations. The Discrete Ordi-
nates (DO) radiation model was used to simulate the heat transfer by radiation. All solid
walls were modelled by considering the Enhanced Wall Treatment model and Non-slip
velocity boundary condition. The Enhanced Wall Treatment model simulates the air tur-
bulent behaviour at the boundary layer. This model considers a two-layer model with
enhanced wall functions (Chen & Patel, 1988).

To simulate the airflow field, the computational domain was subdivided into 3.1 million
unstructured tetrahedral cells. The simulated environment was a replica of the experimen-
tal room. The grid was locally refined in the areas with high gradients, such as inlet and
adjacent to the walls. The three inflation boundary layers were used at all solid walls,
including manikin’s surfaces, monitors and room walls. As a result of these refinements,
the y+ was obtained below 5.

Moreover, the grid independence study was accomplished to ensure that the simu-
lated results have no dependency on the grid resolution. To achieve this purpose, the
simulation results of the coarse (1.5 million cells), medium (3.1 million cells) and fine
(5.9 million cells) grids were compared. The values of velocity and temperature were
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compared at 80 different points in the simulated room for all three grid resolutions. Figure
3 shows the velocity distribution comparison for coarse, medium and fine grids at various
locations. Since there was deviation between medium and fine gride along the Line 4
(Fig3. (d)), the grid convergence index (GCI) was computed as introduced by Roache
(1994). The GCI values were 2.54% for Line 4 and below 1% for the rest of the lines in
the medium grid, indicating the selected grid resolution was sufficiently fine (Kumar
et al., 2022). Thus, the medium grid was adopted to save calculation time and resources.

The cold air was suppliedwith a flow rate of 40 l/s and a temperature of 10 °C for all cases.
The supplied air was introduced to the ceiling plenum from the external surface of a cylind-
rical duct (Figure 2). The velocity inlet and pressure outlet boundary conditions were used
for the room inlet and extract grill, respectively. The room walls had a constant wall temp-
erature of 21 °C in the validation case as an experimental condition. The adiabatic condition
was assigned to all room walls in parametric studies. A constant heat flux boundary con-
dition was assigned to all heat sources in the rooms, as listed in Table 3. The generated
heat by each heat source was defined based on the ASHRAE standard (Mora et al., 2021).
The heat transfer from the heat sources was considered through both convection and radi-
ation. The adiabatic wall boundary condition was assigned to the plenum walls.

The Species Transport model was used to simulate humidity distribution in the rooms.
This model solves the convection–diffusion equation for predicting each species’s local
mass fraction. In all thermal comfort simulations, the maximum relative humidity of
54% was considered for the supplied air, in which the diffuse ceiling system works
without condensation, based on the Mollier diagram. An available ANSYS UDF code
was applied to calculate the mean age of air.

Figure 3. Comparison between velocity values at different locations between coarse, medium and
fine grids.

Table 3. Emitted heat by heat sources in the simulated cases.
Heat source Emitted heat (W/m2)

Manikin: seated and reading 55
Manikin: seated and typing 65
Monitor 65
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3.2. Modelling the diffuse ceiling panels

The diffuse ceiling panels were made of wood-cement material with a porous media
structure. Thus, the porous media model was used that is available in ANSYS Fluent.
This model has a momentum source term in the governing equation, and the fluid
flow needs to overcome both the viscous and inertial resistance in the porous zone. At
a low velocity of the fluid, the viscous term has a higher effect than the inertial term.
However, the inertial impact is dominant at higher velocity ranges of the fluid. The
momentum source term is as below

SM = − m

a
+ C2

1
2
r|n|n

( )
(2)

The inertial resistance C2 and 1/α viscous resistance coefficient were obtained from the
measurement results. These two coefficients were calculated by collecting the pressure
drop data as a function of the velocity while the fluid flow passed the diffuse panels; con-
sequently, C2 = 50635 m−1 and 1/α = 7.6×107 m−2 (Christodoulou et al., 2018). The current
study used diffuse panels with thermal conductivity of 0.085 W/m K, a density of 360 kg/
m3 and a porosity of 65%

3.3. Model validation

The CFD simulation results were compared with the experimental data to ensure the
applied numerical model precisely predicted the airflow behaviour in the simulated
rooms. In this regard, the experimental data from the experimental step with a supply
flow rate of 40 l/s and a temperature of 9.74 °C was considered. The experimental
room had 100% ADPs with evenly distributed headloads, as presented in Figure 2. More-
over, the overall heat load was 532 W during the measurements. The air velocity distri-
bution is compared between the experimental and CFD simulation results in Figure 4a.
This comparison showed that the numerical model could accurately predict the air vel-
ocity distribution in the experimental room. There was no deviation between simulated
velocity values and experimental results in 29 out of 30 points. We had a maximum rela-
tive error of 2% at one point for velocity comparison. Figure 4b displays the air tempera-
ture values for the measured data and simulation results at five locations in the centre of
the room. Overall, a good agreement was obtained between the CFD and experimental
results. The temperature results showed a maximum relative error of 3% in 27 out of
30 points between CFD and experimental studies. The maximum relative error was 5–
7% acceptable for engineering application in the rest points and had no considerable
impact on the conclusion. More details about the validation study are available in pre-
vious authors’ research work (Rahnama et al., 2020).

3.4. Parametric scenarios

All simulated scenarios are presented in Figure 5. The thermal comfort of the occupants
was investigated in three different indoor environments, including a meeting room (Case
1 and 2), an office (Case 3 and 4) and a clinic waiting room (Case 5 and 6) with different
diffuse ceiling configurations. In this regard, two different configurations of ADP with
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about 30% opening area were selected. Cases 1, 3 and 5 had a central configuration of
ADPs, while Cases 2, 4 and 6 used dispersed configurations, as shown in Figure 5. The
details of the simulated cases are listed in Table 4. The overall headload was about 525
W in all simulated cases. The emitted heat from the occupants was calculated based on
the ASHRAE Standard (Mora et al., 2021). In all simulated cases, the average values of
temperature and velocity were calculated from the results of the steady-state simulations
at a 0.20 m distance from the head of two occupants located close to the centre of the
rooms. The selected occupants are presented in Figure 5 with red circles.

Figure 4. Comparison of the CFD simulation with experimental results for the (a) velocity distribution;
and (b) temperature distribution.
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4. PMV-PPD method

The thermal comfort condition was evaluated using PMV-PPD indices (Fanger, 1970).
According to ISO-7730, thermal satisfaction can be assessed by considering PMV, PPD
and draft rate (ISO 7730:2005, 2005). PMV represents the perception of occupants

Figure 5. The configuration of the simulated cases: (a) and (b) meeting room; (c) and (d) office; and (e)
and (f) waiting room.
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about the thermal condition in the indoor environment. In this regard, the proposed
equation by ISO-7730 was considered for the calculation of PMV, as below

PMV =(0.352e−0.042(M/ADu) + 0.032)

× M
ADu

(1− h)− 0.35× 43− 0.061
M
ADu

(1− h)
( )

− Pa

( ){

− 0.42× M
ADu

(1− h)
( )

− 50
( )

− 0.023
M
ADu

(44− Pa)− 0.0014
M
ADu

(34− ta)

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

where M is the metabolic rate of the occupant, ADu is the nude body surface area, η is
mechanical efficiency, Icl is defined as clothing insulation, fcl is the clothing surface area
factor, ta shows the air temperature, �tr represents the mean radiant temperature, Pa is
water vapour partial pressure, hc is the coefficient of convective heat transfer and tcl is
the surface temperature of the clothing. The selected metabolic rates are presented in
Table 3. Moreover, the clothing factor was 0.5 clo for all simulated cases and was
chosen based on the recommended values from ASHRAE Standard 55 (Mora et al.,
2021). For calculation of the PMV, the mean values of the air temperature and velocity
were computed over a volume with a relative humidity of 54%.

The PPD index shows the percentage of the occupants that feel too cold or too warm in
the studied environment. The PPD computation is based on the PMV value as the given
equation

PPD = 100− 95× exp(−0.03353× PMV4 − 0.2179× PMV2) (4)

Based on this model, thermal comfort is achieved when the PMV value falls between
−0.5 and 0.5. In this range of PMV, about 90% of occupants are satisfied with the
thermal condition in the room. More detailed explanations about the PMV-PPD model
and thermal comfort are available in ISO-7730 (ISO 7730:2005, 2005).

5. Results and discussion

Previous authors’ research evaluated the cooling capacity of the various configuration
configurations of the diffuse ceiling opening area and the location of the heat loads in

Table 4. The simulated case studies.
Case
study

Each occupant’s emitted heat
[W/m2]

Emitted heat of a monitor
[W/m2]

Case 1 Meeting room + central configuration of
ACDs

65 –

Case 2 Meeting room + dispersed configuration
of ACDs

65 –

Case 3 Office + central configuration of ACDs 65 65
Case 4 Office + dispersed configuration of ACDs 65 65
Case 5 Waiting room + central configuration of

ACDs
Patient: 55 Medical staff: 65 65

Case 6 Waiting room + dispersed configuration
of ACDs

Patient: 55 Medical staff: 65 65
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the room (Rahnama et al., 2020). Two different configurations of active diffuse ceiling
panels were considered to evaluate the impact of diffuse ceiling system design par-
ameters on overall and local thermal comfort.

5.1. Local thermal comfort

The velocity distribution at a cut plan passing the occupants in all simulated rooms is pre-
sented in Figure 6. The velocity distribution in the meeting room showed an average
value of 0.13 m/s close to the seated occupants in Case 1(central configuration of
ADPs). In comparison, this value was around 0.05 m/s for Case 2 (dispersed configuration
of ADPs). In the office, the generated thermal plume from the occupants was dominant for
both Cases 3 and 4. Consequently, the maximum velocity of 0.25 m/s was obtained in the
rooms. However, the generated thermal plume from the manikin located exactly below
the diffuse ceiling opening was damped in Case 4 (Figure 6). In Case 6, the thermal
plume from the occupant close to the diffuse ceiling was degraded due to the cold
airflow from the ceiling, while this phenomenon was not observed in Case 5, as presented
in Figure 6.

The temperature distribution at a cut plan is presented in Figure 7 for all simulated
rooms. In all investigated cases, the average air temperature was between 18.5 and
19.5 °C with the central opening of diffuse panels (Case 1, 3 & 5 in Figure 7). This value
was about 20–21 °C in the rooms with the dispersed configuration of the diffuse
ceiling (Case 2, 4 & 6 in Figure 7). The relative distance of the occupants to the diffuse
ceiling opening panels had a strong impact on the damping of the generated thermal
plume, as shown in Figure 7. In all simulated cases, the temperature gradient between
the occupants’ ankles and heads was less than 3 °C, which is in the thermal comfort
range based on the ASHRAE standard (Mora et al., 2021).

The draft rate has been the main concern in indoor environments using ventilation
systems. Figure 8 displays the draft rate at the neck level of the two selected occupants
(Figure 5). In all simulated cases, the draft rate values were below the recommended value
of 20% (Mora et al., 2021). The draft rates were 13.06% in Case 3 and 14% in Case 4, higher
than other cases. These two cases evaluated the performance of both diffuse ceiling
configurations in an office. Thus, the application of a diffuse ceiling in the office
showed the highest draft rate, consequently more thermal comfort dissatisfaction than
other cases.

5.2. Overall comfort

5.2.1. Age of air
The age of the air is a parameter that calculates the mean time that a particle travels from
one point, such as an inlet, to a measurement point (Federspiel, 1999). The higher age of
air results in the increase of air contamination concentration in the room, consequently
negatively affecting the comfort condition of the occupants. In the current work, the
age of air was investigated to evaluate the efficiency of the applied diffuse ceiling
systems. The average age of the air in all cases is listed in Table 5. Overall, the age of
air values had a uniform distribution in all simulated cases. The highest age of air was
328 s in waiting rooms with both diffuse ceiling configurations (Case 5 & 6), while this
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value was between 290 and 294 s in the meeting rooms. This difference might be due to
the fact that all the manikins were located at the centre of the meeting room; however, in
the waiting room, all the occupants and heat loads were dispersed in the room. Thus,
locating the occupants and heat sources can increase the age of air, consequently
reduction of the indoor air quality and comfort.

Figure 6. Velocity distribution contour plots for all the simulated cases.
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5.2.2. Thermal sensation
The PMV and PPD values were computed to evaluate the occupants’ thermal sensation in
all rooms, as shown in Figure 9. Overall the PMV and PPD values were in the acceptable
range of −0.5 , PMV , 0.5 for a comfortable thermal condition of the occupants based
on the standards (ISO 7730:2005, 2005; Mora et al., 2021). Thus, changing the design

Figure 7. Temperature contour plots for all the simulated cases.
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Figure 8. Draft rate plots in all simulated rooms.

Figure 9. Comparison of PMV and PPD values for all simulated cases.

Table 5. The average age of air in the rooms.
Simulated case Case 1 Case 2 Case 3 Case 4 Case 5 Case 6

Average age of air 290 294 298 298 327 328
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parameters of the diffuse ceiling system had no considerable impact on the occupants’
thermal sensation according to PMV-PPD calculations.

In all cases, the PPD values were below 10%, proving the applied diffuse ceiling systems
provided a satisfying condition for the occupants. The maximum PPD values obtained in
Cases 2 and 4were 8.5% and 9% (Figure 9), respectively. As a result, diffuse ceiling configur-
ation with the dispersed configuration of ADPs results in higher dissatisfaction in the
waiting rooms and offices. Moreover, the application of the diffuse ceiling for the office
had the maximum dissatisfaction. Consequently, the thermal discomfort might increase
in rooms occupied with more headloads than in the investigated case.

Overall, Cases 1, 5 and 6 showed the highest thermal comfort satisfaction for the occu-
pants. Moreover, the lowest dissatisfaction of the occupants was reported in Case 5
(Figure 9). Thus, applying the diffuse ceiling configuration with the central opening of
the diffuse panel is highly recommended for waiting and meeting rooms. Moreover,
our previous study (Rahnama et al., 2020) showed that the central opening of ADPs
had the highest cooling capacity compared to the dispersed configuration. The diffuse
ceiling system with the central opening of diffuse panels had the highest cooling capacity
and thermal comfort satisfaction in the rooms with higher heat loads than other configur-
ations. In contrast, the dispersed configuration resulted in less thermal satisfaction and
the lowest cooling capacity.

6. Conclusion

The current research investigated the role of diffuse ceiling design parameters on thermal
comfort conditions in the office, meetings, and waiting rooms. In this regard, two different
diffuse ceiling configurations were adopted. Based on our previous study (Rahnama et al.,
2020), we have considered two configurations with about 30% opening area, including
the central and dispersed configuration of ADPs. The experimental results were used to
validate the applied numerical models. Moreover, CFD simulations were adopted for
thermal comfort analysis.

The simulated results showed that selected configurations of diffuse ceiling systems
provided satisfying thermal comfort conditions in all simulated case studies. Thus, chan-
ging the design parameters of the diffuse ceiling showed a limited impact on the thermal
comfort in the rooms with the selected configurations of diffuse panels. Furthermore, the
applied ADP configurations provided thermally comfort conditions in realistic scenarios,
including the waiting room and meeting room. The diffuse ceiling system with the dis-
persed ADPs configuration had the highest PPD value of 9% in the office and waiting
room. Furthermore, this configuration showed the highest draft rate of 14% in the
office case. The highest age of air of 328s was obtained in the waiting room, consequently
reducing occupants’ comfort. Overall, the thermal comfort condition was more satisfying
in the meeting and waiting rooms compared to the office.
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