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Abstract: Diffuse Ceiling Ventilation (DCV) is a promising concept to address internal air quality and
thermal comfort requirements in contemporary buildings. Sound-absorbing perforated ceiling panels
are common in office rooms and can be used as air diffusers without modifications. The optimization
of such systems is not a trivial procedure, and numerical simulation can represent an important tool
to carry out this task. Today, most of the numerical studies on DCV are performed using porous
medium models and focus on the general system performance rather than on the optimization of the
diffuser design. In previous studies, a CFD model was used to optimize the size and distribution of
the ceiling perforation. In the study presented in this paper, the results of simulations conducted on a
full-scale three-dimensional domain and the performance comparison between a continuous and
non-continuous perforation distribution are given. The results show that the non-continuous diffuser
design does not disturb the internal comfort and does not introduce a negative effect in the system
performance. The different configurations lead to a different air distribution in the room, but in both
cases, the velocity magnitude is always well below values leading to draft discomfort.

Keywords: Diffuse Ceiling Ventilation (DCV); CFD; ceiling panels; comfort

1. Introduction

According to Zhan et al. [1], buildings in developed countries are responsible for 40% of the
global energy use and for 33% of global greenhouse gas emissions. The highest energy consumption is
ascribable to the heating, ventilation, and air conditioning (HVAC) systems [2]. The improvement of
ventilation systems by the adoption of new technologies with less energy consumption was indicated
by Wu et al. [3] as one of the most efficient approaches to limit energy use for building’s operations.
One of the novel concepts in strategies for ventilation is the Diffuse Ceiling Ventilation (DCV). In this
approach, the ventilation air is supplied in a plenum constituted by the clearance between the
ceiling slabs and the suspended ceiling. The fresh air is then distributed in the room trough the
suspended ceiling perforation, which acts as an air diffuser. In office buildings, it is common to have
a suspended ceiling made of sound-absorbing perforated panels. The characteristics of these panels
make them suitable to act as air diffusers without any modification. Previous research demonstrated
that DCV presents several advantages compared to traditional duct based ventilation. The large area
of the air diffuser, ideally the whole room ceiling, makes it possible to distribute a larger amount of
ventilation air if compared to traditional mixing ventilation systems without increasing the air velocity.
Furthermore, the large area of both the diffuser and the plenum introduces a lower pressure drop in the
system, therefore reducing the energy necessary for ventilation air movement. Moreover, this solution
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has a lower investment cost than traditional ventilation systems [4]. DCV was first presented by van
Wagenberg and Smolders [5] as a solution to provide sufficient ventilation air to animals in livestock
buildings. Jacobs et al. [6] applied the DCV as a retrofitting solution to improve the ventilation of
classrooms and demonstrated an increase in indoor air quality and thermal comfort, as well as in
the well-being and the concentration capacity of the students. However, it is only in the last few
years that most of the research on DCV took place [3]. The research approach was largely based on
experiments in controlled environments. Petersen et al. [7] and Fan et al. [8] evaluated the ventilation
performance in a test chamber. Hviid and Svendsen [9] tested a full-scale ceiling in a climatic chamber
using two different porous surfaces. The results showed an air change efficiency equal to fully mixed
conditions, excluded any evidence of thermal discomfort, and demonstrated a very low pressure drop,
yet still sufficient to support the internal pressure of the plenum and ensure a unidirectional air flow.
The presence of a large volume in the plenum makes this solution attractive for coupling various air
treatment systems with the ventilation, as for example heating and cooling. Zhang et al. [10] presented
the results of an experimental campaign in a hot-box facility of a DCV coupled with a water based
heating system in the ceiling slabs.

Experimental campaigns such as those presented above are expensive and time consuming;
therefore, the use of computer simulations can be largely beneficial, at least for the preliminary
design of the systems, and especially as far as parametric analyses are concerned. Energy simulations
are sometimes used, but Computational Fluid Dynamics (CFD) simulations are required to have a
clearer view of the air flow circulation and the possible impacts on the system efficiency and the
thermal comfort (especially in terms of drafts). In Wu et al. [3], the reviewed works were classified
according to three diffuse ceiling solutions, namely perforated plates, ceiling slots, and porous materials.
While approximately one third of the papers made use of CFD techniques, none of them applied it
directly to the perforated panels and rather concentrated on the application of the porous medium
model [11,12]. One of the limitations commonly associated with the use of DCV is the uneven velocity
profile of the air leaving the ceiling perforation. In fact, the air injection in the plenum takes place
either in a single point such as a duct or, when the DCV is coupled with natural ventilation from an
external wall, through a more or less large opening in the vertical boundaries of the plenum. In both
cases, the air velocity in the plenum tends to decrease with the distance from the injection point. While
the friction losses play a part in this, the main reason is the decrease in the mass flow since part of
the air is already injected in the room. A proper design of the suspended ceiling can partially solve
the latter limitation by selectively introducing a different pressure drop. The present work compares
the performance of a continuous and a non-continuous (chessboard) ceiling panel distribution in a
full-scale numerical model of a typical office room. As mentioned, the low pressure drop introduced
by this ventilation system is one of the advantages, particularly important when the concept is used
in connection with natural ventilation. A chessboard distribution may have a positive effect; in fact,
the flow leaving the perforation will face a lower resistance, and the pressure drop will not increase
despite the higher velocity in the perforation. Lower pressure drop guarantees a limited use of energy
to set the fluid in motion.

2. Suspended Ceiling

Sound-absorbing perforated panels are commonly used in office rooms, and because of their
design, these panels can carry out the function of an air diffuser without modification. Several types of
perforated panels are available on the market, differing in the dimensions, perforation shape, size, and
material. For this research, three perforated panels were designed based on actual commercial models;
see Figure 1. All the panels had dimensions of 600 x 600 mm and square perforation. The perforation
size and rate are shown in Table 1.
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Figure 1. Model of the sound-absorbing perforated panels used for the numerical models [13].

Table 1. Perforated panels’ main characteristics [13].

Panel Perforation Size (mm) Perforation Rate (%)

A 3x3 11
B 9%x9 18
C 12 x 12 18

Each panel, when used as a ventilation diffuser, introduces a different pressure drop dependent
primarily on the perforation rate, but also on the perforation size and distribution. The different
pressure drop introduced is a characteristic that can be used to counteract the uneven velocity profile,
previously indicated as a limitation of a system where the perforation rate is constant across the
entire ceiling.

In a previous work [13], we performed a series of CFD simulations to evaluate the velocity profile
of the ventilation air leaving the perforated panels for different panel configurations. The calculations
were isothermal, and the only driving force for the ventilation air was assumed to be mechanical.
The influence of buoyancy forces on the ventilation performance was excluded. The aim was to find an
optimal distribution of the three panel perforations for a room of a certain length (namely 3.6 m). Some
of the results are reported in Figure 2. The vector diagram in Figure 2a presents the results obtained
using a uniform panel distribution (6 x Panel C). It is evident how the velocity profile resulted in being
uneven and how the largest part of the fresh ventilation air was injected into the room in the first part
of the plenum, taking the plenum inlet as the starting point. Figure 2b presents the result for one of the
two optimal configurations determined in [13], a distribution of 2 Panel As, 2 Panel Bs, and 2 Panel
Cs with reference to the nomenclature used in Figure 1. The order of these panel was assumed with
respect to the plenum inlet taken as a starting point. In both calculations, the amount of ventilation air
was kept constant and calculated according to [14]. An equally well performing configuration was
found to be 3 Panel As, 2 Panel Bs, and 1 Panel C. Table 2 shows the highest and lowest velocities
calculated per panel type and for each configuration in [13].

Table 2. Maximum and minimum velocities per panel type in the five different configurations presented

in [13].
Case Panel A Panel B Panel C
max (m/s) min (m/s) max(m/s) min (m/s) max(m/s) min (m/s)
Casel (6 x A) 0.0046 0.0029
Case 2 (6 x B) 0.005 <0.001
Case 3 (6 x C) 0.0052 <0.001
Case4(B3xA+2xB+1x0QC) 0.0032 0.0013 0.0035 0.0018 0.002 0.0018

Case52 xA+2xB+2xCQC) 0.0039 0.0017 0.0044 0.0021 0.0023 0.0017
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Figure 2. Outlet and plenum velocity distribution for different panel distributions: (a) constant panel

distribution (Panel C); (b) optimized panel distribution (2x Panel A, 2x Panel B and 2 xPanel C) (taken
from [13]).

As Figure 2b shows, the velocity distribution is considerably more even than in Figure 2a, although
a peak is still present. This situation, which could be further optimized by adapting the panel design,
is however more favourable, because it presents a less pronounced peak and a shift in the peak
position towards the center of the room, where occupants usually spend more time, thus improving the
ventilation efficiency. The study was complemented by simulating a “room slice” to assess the influence
of the panel distribution on the internal air circulation. The room slice domain consisted of a section
of the room along the direction perpendicular to the plenum inlet plane, with the full room length
and as wide as a panel. The suspended ceiling was therefore constituted of six panels. The results
indicated that the influence of different configurations on the internal air circulation was negligible.
A more comprehensive study of the “room slice” domain was carried out in [15]. Here, the isothermal
hypothesis was removed to investigate the effects on the thermal comfort in the case of naturally
induced airflow due to the thermal gradient between indoor and outdoor air. The outdoor temperature
varied between —5 °C and 10 °C in winter and between 15 °C and 35 °C in summer. Both winter and
summer simulation had a fixed initial temperature condition, and the boundary temperatures (room
walls) were kept constant (20 °C in winter and 26 °C in summer), with the exception of the external
wall, in which the boundary condition was calculated given the difference between indoor and outdoor
temperature. For extreme winter and summer conditions, the authors investigated in a theoretical way
the effect that a ceiling integrated conditioning system could have on the internal comfort. The solution
presented a good impact on the comfort conditions in a quite large interval of outdoor temperatures.
The results were promising for heating in winter, while presenting more problems such as thermal
stratification in summer conditions and the necessity of further investigations.

In this work, one of the optimal configurations was tested in a full-scale room model, in two
different configurations: a full ceiling panel distribution and a chessboard distribution (Figure 3). As
explained, some aspects related to a chessboard configuration might have a positive impact on the
ventilation efficiency while still delivering a sufficient amount of ventilation air. One of these aspects
can be the lower pressure that the system needs to overcome at the ceiling perforation. Another strictly
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fluid dynamics related aspects can be the positive impact of the entrainment phenomena in the volume
below the ceiling. The third possible positive impact can be a saving in the panels cost together with
the possibility of using the non-perforated areas for diverse installations.

Figure 3. Full ceiling panel distribution (left) and chessboard panel distribution (right).

3. Methods

3.1. Computational Domain

CFD simulations were performed on the computational domain shown in Figure 4. The volume
consisted of a room with dimensions of (W x L x H) 3.6 m x 3.6 m x 3 m. The plenum had the
same horizontal area and a height of 0.35 m. The inlet to the plenum was the area indicated in green
(Figure 4) with dimensions of (W x H) 3.6 m x 0.35 m. The outlet configuration was chosen taking into
account the low ventilation flow rate entering the room [16]. Two different outlets were alternatively
used, here referred to as Outlet 1 and Outlet 2. Outlet 1 was modeled over a square extraction duct
with dimensions 0.3 x 0.3 m, located on one of the side walls (i.e., normal to the plane containing
the inlet area). Outlet 2 was located on the plane parallel to the inlet plane, ideally where the door
would be located, and it was an opening at the bottom of the wall with a height of 0.05 m. These
configurations were chosen to test two common solutions for ventilation air exhaust: a dedicated
duct and a passage between partition walls (e.g., from the room to the corridor, then from there to
the main exhaust). The suspended ceiling was constituted by the panels reported in Table 1 in a 3-2-1
configuration (see Figure 4), this being one of the optimal configurations identified in [13], and it was
modeled as a two-dimensional surface. For the chessboard case, the ceiling configuration was the same,
except for the replacement of every second panel (alternatively per each row) with a non-perforated
surface (Figure 3).
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Figure 4. Computational domain.

3.2. Numerical Model

Due to the presence of panel perforation, the numerical simulations required a very fine mesh,
capable of calculating the flow in the small holes, as well as in the main volume of the room. Figure 5
shows a close view of the ceiling mesh, where the cells colored in green represent the suspended
ceiling perforation.
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Figure 5. Particulars of the suspended ceiling mesh. In green is indicated the perforation area.

The computational domain consisted of 120 million cells, which had polyhedral and Cartesian
shapes. Figure 6 is the particulars of the room volume mesh. The two areas colored in blue are the
room outlets, switched in the simulations as two options.
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Figure 6. Room volume mesh. In blue, the room outlets.

All the simulations were carried out using the software ANSYS Fluent [17]. The calculation
made use of an isothermal unsteady Reynolds-averaged Navier—Stokes (URANS) model (Equations (1)
and (2)), with a SIMPLEpressure-velocity coupling and a second order upwind spatial discretization.
URANS is preferred to the steady-state Reynolds-averaged model (RANS) to ensure a stable numerical
performance of the calculation.

dp _
FT V(pU) =0 (1)
a;tuuvu:—vfwvzuw )

The turbulence was calculated with a standard k-emodel, Equations (3) and (4):

a(ok
% +V(okU) = V (;‘;w) + 2 E;Ei; — pe ©)
3(pk € ¢

% v (ﬁ;w) + Creg 2 EijEij — Cae @

The k-emodel was chosen as it is the most widely used and validated turbulence model to
simulate mean flow characteristics for the flow conditions with applications ranging from industrial to
environmental flows, and it has been highly popular for inner flows. The standard variant of k-¢ is
used for simplicity and the basic requirement of initial and boundary conditions of turbulent quantities.
The complexity of the model in terms of dimensions, perforation, and high density mesh requires
a considerable computational effort. The simulations ran in the supercomputer Vilje [18] hosted by
NTNU, using a total of 256 cores (16 nodes), and required around 300 GB RAM. The simulations were
conducted in the transient state, assuming a time step At = 0.05 s and 1000 steps. The calculation wall
time was around 24 h. The boundary conditions imposed on the model were constant inlet velocity
and a constant outlet pressure. The velocity at the inlet of the plenum was calculated to provide a
ventilation air flow of 2.4 m3/h per square meter of room floor area. The boundary condition for the
outlet was set to 0 Pa gauge pressure. All the calculation were isothermal since the study focused on
the fluid-mechanics problem without considering effects induced by different air density. A constant
initial air density was used (0o,;, = 1.225 kg/m?).

4. Results

The results are presented as the average over all the time steps of the transient state simulations.
Tables 3 and 4 display the overview of the value calculated in the domain. The first two lines show the
value of the average z velocity component and the average mass flow rate in the volume directly below
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the perforated ceiling. The first was calculated considering all the panels of the same type; the mass
flow rate, instead, was averaged along the whole area of the ceiling section containing a certain type
of panel (i.e., the same area in the continuous and the chessboard case, including the non-perforated
panels in the latter). This choice was due to the different perforation rates of the panels and gave
a more direct idea of how the air velocity out of the diffuser increased while keeping constant the
amount of ventilation air injected.

Table 3. Calculated quantities in the continuous and chessboard distributions for Outlet Configuration 1.

Configuration Outlet 1
Continuous Distribution
Panels A B C

Configuration Outlet 1
Chessboard Distribution
Panels A B C

Average z velocity
(m/s)

Mass flow rate

(full surface avg) (kg/s)
Pressure drop (Pa) 0.01

Max velocity (m/S) 0.13 (at the outlet)

0.0025 0.0064 0.0077

0.0023 0.006 0.0037

Average z velocity
(m/s)

Mass flow rate
(full surface avg) (kg/s) 0.0026 0.0059 0.0033
Pressure drop (Pa) 0.01

Max velocity (m/S) 0.13 (at the outlet)

0.0059 0.0013 0.0014

Table 4. Calculated quantities in the continuous and chessboard distributions for Outlet Configuration 2.

Outlet Configuration 2 Outlet Configuration 2
Continuous Distribution Chessboard Distribution
Panels A B C Panels A B C

Average z velocity 0.0025 0.0064 0.0077 Average z velocity
(m/s) (m/s)

Mass flow rate 00022  0.006 00036  Mass flow rate 00026 00059  0.0033

0.0059 0.0013 0.0014

(full surface avg) (kg/s) (full surface avg) (kg/s)
Pressure drop (Pa) 0.0034 Pressure drop (Pa) 0.0034
Max velocity (m/S) 0.063 (at the outlet) Max velocity (m/S) 0.063 (at the outlet)

The pressure drop was calculated as the average over all the time steps of the difference between
the pressure at the plenum inlet and the pressure at the room outlet. The maximum velocity was the
highest value reported (as the vector magnitude) inside the whole room, the parameter of interest
to analyze the possible cause of discomfort created by drafts. In all cases, the maximum air velocity
calculated in the whole volume was low and concentrated in the immediate surroundings of the outlet
in configuration Outlet 1.

The average velocity fields (Vel_mean in the contours) are shown in Figures 7-10. On the left
side, the contour shows the velocity values on three horizontal planes, while on the right side, a more
detailed contour of the top planes is shown, for each of the cases. The three planes were respectively
the plane at 4 cm below the perforation, the horizontal mid-plane of the room volume (i.e., half of the
distance between the suspended ceiling and the floor), and the plane that cut in the middle Outlet 1
surface. For the alternative configuration (Outlet 2), the bottom plane was kept at the same height.
Therefore, it did not show the velocity field at the outlet, but gave a better comparative view of the
room velocity field. The distance of the top plane from the perforation was chosen considering that
distance to be sufficient for a full development of the flow leaving the ceiling diffuser.

Figures 11-14 show the streamline representation of the flow from the plenum inlet to the room
outlet. In particular, the left part of each figure presents two planes parallel to the xz-plane, therefore
roughly parallel to the main direction of the flow (from inlet to outlet). The planes were placed
respectively at a distance y = 0.8 m and y = 3 m from the origin of the reference system (lower-right
corner in Figure 11, left). The right part presented two planes parallel to the yz-plane, roughly cutting
the inlet-outlet flow. In this case, the position of the planes was respectively x = 0.66 m and x = 3.28 m.
The domains in the right part were slightly rotated to avoid the superimposition of the planes for
better visualization.
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Figure 7. Velocity contour: three horizontal planes (left); the top plane below the ceiling (right) for the

continuous distribution in configuration Outlet 1.
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Figure 10. Velocity contour: three horizontal planes (left); the top plane below the ceiling (right) for the
chessboard distribution in configuration Outlet 2.
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Figure 12. Streamlines for the chessboard distribution and the Outlet 1 configuration.
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Figure 14. Streamlines for the chessboard distribution and the Outlet 2 configuration.

5. Discussion

The results in Tables 3 and 4 show that the average velocity (along the z-axis) reached a higher
value when the chessboard configuration was adopted in both configurations. This was expected
due the reduced diffuser outlet area and the constant flow rate at the plenum inlet. The ventilation
air flow average on the area containing the same panels, both in the continuous and chessboard
distribution, remained in fact comparable. All the configurations introduced a very small pressure
drop in the system. It is interesting to underline that a difference in the pressure drop could be seen for
configurations with different outlets, while no significant difference appeared evident between the
two ceiling configurations. This evidence suggested that the choice of the room outlet influenced to a
higher extent the pressure drop of the system if compared to the choice of ceiling configuration. The
maximum air velocity in the whole room volume was below the discomfort limit in the configuration
Outlet 2. In the configuration Outlet 1, the maximum velocity magnitude could exceed 0.1 m/s, but this
happened in a small fraction of the volume [19] surrounding the outlet.

The ceiling contours (right) in Figures 7-10 showed a velocity distribution at the ceiling outlet in
line with [13], with small differences. A general increase in the velocity magnitude was seen in the
chessboard configuration, as expected. Nevertheless, each configuration did not show a substantial
difference with the two different outlets. This suggested that the choice of the outlet did not influence
the performance of the DCV. The latter seemed, instead, more influenced by the choice of the outlet
geometry. The mid-plane of Figures 9 and 10, both in the configuration Outlet 2, presented in fact a
generally lower velocity. In particular, in Figure 10, it is possible to identify three zones with higher
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velocity on the mid-plane otherwise not visible in Figure 8. This meant that the jet flow originating
from the first row of the panels reached the midsection of the room without too much disturbance.
However, the low velocity region of these sections did not represent a problem for the internal comfort.

The influence of the outlet configuration could be seen in the streamline representation as well
(Figures 11-14). The flow patterns with the same outlet were comparable. In general, the Outlet
2 configuration, as expected because of the geometrical features, translated into a more even flow
pattern with streamlines mostly perpendicular to the ceiling plane. The Outlet 1 configuration, instead,
seemed to produce a vortex around an axis parallel to the ceiling plane and perpendicular to the outlet
plane. The flow pattern may have an effect on the air quality in the room, but the characterization or
quantification of this was not the object of the present study. As far as internal comfort conditions were
concerned, due to the very low velocity, no relevant negative influence was expected. Independently
of the outlet configuration, the chessboard panel distribution (Figures 12 and 14) showed vortex
structures in the volume immediately below the perforation. This was evident especially in the plane
furthest from the plenum inlet. In this zone, entrainment phenomena were likely to take place. The
influence of the entrainment in the system efficiency and comfort parameter was not part of this study,
but it is nevertheless one of the most interesting aspects to investigate in the future.

6. Conclusions

The results of the full-scale simulations presented in this paper contribute to characterizing the
impact that the DCV has on the internal comfort conditions of a typical office room. It delivered a
sufficient amount of ventilation air ensuring the absence of draft and working with a low pressure
drop along the whole system.

The comparison between the full ceiling and the chessboard distribution showed that, although the
total diffuser area was halved, thus doubling the velocity of the air leaving the diffuser, this did not
translate into a significant increase in the air velocity inside the room. In both cases, the air velocity
was below the discomfort limit. The velocity magnitude reached higher values in the surrounding of
the outlet. The chessboard panel distribution, despite increasing the air velocity, did not show any
influence on the dynamic performance of the ventilation system in terms of pressure drop. The present
calculations suggested a beneficial effect of the chessboard distribution. A more marked influence of
the outlet choice was instead observed.

The phenomenon behind this beneficial influence could be related to a positive entrainment effect
favored by the air jets leaving the ceiling diffuser. In any case, further investigation is necessary to
evaluate and give an estimate of this effect. The simulation presented in this work was isothermal and
focused on the system performance rather than on the possible onset of air draft that might impact the
thermal comfort. In the further development of this work, the isothermal hypothesis will be removed
to investigate mainly two aspects of the problem: first, the influence of the occupants and how the
thermal buoyancy caused by people, computers, and other sources of internal gain will influence the
ventilation efficiency causing pressure losses and consequent back flow in the plenum; second, the
investigation will involve a study of the thermal comfort in the room when natural ventilation is used
with air injection directly from outdoors.

The use of CFD simulation to evaluate the efficiency and the performance of DCV is a very
valuable tool in the design of these systems. Despite the large computational effort associated with the
use of the presented model, the numerical investigation still represents an economical alternative to the
experimental verifications on a physically built system. Furthermore, it can reveal the occurrence of
phenomena that, at first sight, might not be trivial. CFD, in fact, gives all detailed visualization of the
three-dimensional flow field in the room, which is hard to produce in the experiments. However, CFD
has its own challenges. It always has numerical errors depending on the spatial resolution of the
computational grid and assumption in the numerical models. In the present work, the focus was on the
efficiency of a DCV system and the impact of different configurations on the efficiency of the ventilation
system, and therefore, the CFD model used was isothermal. Nevertheless, several phenomena such as
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the outdoor climate, the presence of occupants, and their behavior have a role in the air distribution
efficiency. Although some of these aspects can be included in a CFD code, the complexity of the problem
can become excessive, making the experimental validation fundamental for the final assessment of the
solution. The evaluation of an eventual change in the sound-absorbing properties of this kind of panels
when used as air diffusers was not the object of this paper. A series of experimental measurements on
this will be a valuable research result. An experimental campaign involving tracer gas and pressure
difference measurements on DCV is planned at the moment. The results will contribute to the
validation and the eventual tuning of the computational model.
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