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Abstract: HVAC (heating ventilation and air conditioning) deals with cooling and heating
buildings and providing clean conditioned air for indoor environments such as commercial office
spaces, cinemas, and hotels to name a few. Diffusers help to effectively distribute air coming from
HVAC ducts into indoor environments. Understanding the flow distribution from the diffuser is of
great significance as it helps in locating the optimal location for the diffuser as well helps in
designing a better diffuser. With the advent of high-performance computing, numerical simulation
is mainly being used to predict airflow via Computational fluid dynamics (CFD). OpenFOAM is an
open-source CFD solver written in C++ for solving fluid dynamics problems. In this work, a free
architecture design tool called PCON was used to create the geometry of the office/home along
with the furniture. OpenFOAM was used to create a mesh and simulate the flow through a square
ceiling diffuser and understand the Coanda effect which is created by such a diffuser. Open source
code called Paraview was used to analyze the CFD simulations and the results were reported in this
paper. In central A/C systems, Freon has been used for decades. Freon, just like R12, has been
linked to environmental damage. This work shows how diffusers can help with the efficient
distribution of conditioned air in closed spaces. With the efficient distribution of air, Freon would
be used less and in turn, more efficiently in a given space. This could prevent environmental
damage to some extent.
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1. Introduction high-temperature differentials. It allows 1, 2, 3 or 4 ways

air flow. The swirl diffuser diffusers create a swirl of air.

An Air diffuser is one of the visible parts of an air  This airflow results in reduced air velocity. The

conditioning system. In HVAC the air travels through the temperature difference between the supply air and the

duct and enters the room via diffusers. Diffuser's primary room air will also be reduced. These diffusers provide

use is to ensure even distribution of conditioned air good mixing of air and proper room ventilation with their
throughout a room. The diffuser may be of Round large volume flow rates.

diffusers, Square ceiling Diffuser, and Swirl Diffuser as
shown in Fig.1.The round diffusers are also known as
circular ceiling diffusers. These diffusers provide a2
horizontal and uniform airflow patterns. Some of the
traits of round diffusers are high aspiration rate, large
volumes of air that can be handled, not too noisy, and
preferable to be installed in open areas like supermarkets,
airport lobbies, etc. The square ceiling Diffuser is mainly
used in low and medium-pressure ventilation systems. It
can be used in supply, return and exhaust airflow cases.
This type of diffuser discharges air horizontally and it
travels along with the ceiling (Coanda effect). This
results in proper mixing of room air with the conditioned
air coming out of the diffuser. This type of diffuser
allows the handling of large quantities of air at

Fig. 1: (a) Round ceiling diffuser (b) Square ceiling Diffuser
(c) Swirl ceiling diffuser

ASHRAE " (The American Society of Heating,
Refrigerating and Air — Conditioning Engineers) stated
the requirement of a proper air distribution process inside
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a room to provide good thermal conditions and comfort
criteria for occupants. Einberg et.al ?, discussed the
results of CFD simulation modeling of multi-cone
diffusers for industrial places. Data from experimental
procedures were compared with CFD simulations, with
air velocity measured using ultrasonic sensors. This
study showed that with the standard k-€ model, the CFD
simulations accurately predicted the non-isothermal
airflow around the diffuser. Sun et.al ¥, created CFD
models of a room and a supply air diffuser. Effects of
various factors on temperature distributions and airflow
patterns were examined. Simulations were done for
different outdoor and indoor conditions to evaluate the
cooling and heating of the room. The results of the 2-D
diffuser model showed that the discharge air angle and
airflow patterns in the near-flow region are determined
by the offset and edge of the diffuser. Buoyancy also
plays an important role in judging airflow patterns in a
room. The Coanda effect allows air to flow along the
ceiling, provided that the heating element has small exit
angles. It was concluded that one diffuser provides better
air temperature uniformity in the room than two
operating diffusers. Halim et. al ¥ discussed the impact
of a face bypass damper on an oversized air conditioning
system using building energy simulation software.They
found that an oversized air conditioning system increases
relative humidity. The simulation result provides an
optimum-sized  air  conditioning  system.  The
incorporation face bypass damper in the air condition
system reduces the overall relative humidity. Kokash
et.al ¥ performed 3-D CFD modeling using different
diffuser designs to evaluate temperature and air velocity
distributions in room space of 4m (W) x 4m (L) x 3m
(H). Both heating and cooling conditions were
considered. Multi holes diffuser was compared with a
Multi-cone diffuser (30° cone angle) and a simple
opening in the ceiling with no diffuser case. It was found
that a multi-cone diffuser has a higher maximum velocity
at the diffuser exit due to its smaller cross-section area.
The temperature fields indicate that a Multi-hole diffuser
having 40% reduced outlet surface area has the best
cooling results while 60% reduced outlet surface area has
the best results for heating. On the other hand,
Multi-cone diffusers with a 30° cone angle provided
better uniform temperature for cooling while 40% of
Multi-hole diffusers had better air mixing. Although the
Multi-hole diffuser ejecting horizontal jets, is desirable
for cooling due to the Coanda effect, it is not ideal for
heating because of stratification due to hot air being
stuck to the ceiling. This implies that diffusers with large
inclination angles towards the ceiling should be avoided
due to poor mixing results. The ADPI for cooling was
calculated and the results showed that a Multi-cone
diffuser is a better choice for cooling. The VTAH results
on the other hand showed that Multi-hole diffusers lead
to better air mixing through the Coanda effect. However,
on changing the outlet flow angle from 0° to 30° in the

case of a Multi-hole diffuser, HVAC results worsened as
the diffuser lost its Coanda effect and leads to poorer air
mixing. The computational simulations for different inlet
velocities (0.5 and 4 m/s) were performed. The results
showed that with lower inlet velocities, cooling
performance deformed for both Multi-cone and
Multi-hole diffusers. It also, increase inlet velocity led to
better uniform temperature for both Multi-hole and
multi-cone diffusers. Kotani et.al ® performed a CFD
study on a multi-cone diffuser. Using the standard
turbulence model, the turbulent kinetic energy, length,
and velocity were measured. The airflow pattern is
complicated around the multi-cone diffuser due to two
varying flows in it (radial and axial). The study
compared the experimental and computational findings,
concluding that both were in good practical agreement
with each other. Aziz et al 7 did a numerical and
experimental study on the square cone, round, and cone
vortex diffusers. Comfort criteria, airflow nature, and
indoor air quality were examined in the study. The
standard turbulence model and energy equation were
solved. Compared with other diffusers, the square cone
ceiling diffuser produced the maximum fresh air throw.
The highest energy consumption and smallest ventilation
effectiveness were also noted in the square cone ceiling
diffusers. The scale precipitation in the cooling tower is
one of the major issues because it decreases the cooling
tower's thermal efficiency. The ozone will be injected
into the cooling water to reduce the scale of precipitation
growth. Alhamid et. al ¥ studied the ozonation effect on
cooling tower performance and water quality. The result
showed that the effectiveness of the cooling tower
improve by 8.74 %. Liu et.al ¥ compared the impact of
the design of a multi-cone diffuser with that of a
complex radial vane air diffuser, based on thermal
comfort inside the building. Parameters like vertical
temperature and Air Diffusion Performance Index were
considered in the study. The study showed that radial
vane diffuser creates a better cooling effect with the help
of the Coanda effect (air jets cling longer to the ceiling).
Finally, it was concluded from the study that the
multi-cone diffuser was a better overall performer among
the two. Jaszczur et.al '” performed a study of the air
stream generated by the square ceiling diffusers. An
experimental and numerical study of a single square
ceiling diffuser was performed. AL-DV aluminum
diffusers having fixed vanes and capable of producing a
direct air outflow were designed for experimental
analysis. The numerical analysis of the square ceiling
diffuser's airstream was done using Star-CCM+ software.
The air is considered to be Newtonian and
incompressible for CFD analysis. The mesh consisted of
2.8 Million polyhedral cells. The turbulence model was
considered for conducting the simulation of the turbulent
character of air. It was found that the range of the stream
and its shape (dispersed or focused) can be changed. The
air flow velocity distribution is initially shaped by the
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diffusers themselves. They concluded that knowledge of
air currents created by diffusers is important for the
proper design of ventilation systems. Awwad et al. 'V laid
stress on studying the characteristics of supply air outlets
for understanding their effects on airflow distribution
inside rooms. Ceiling air diffusers serve many purposes
within a room to supply/extract airflow to/from a desired
space to provide uniform diffusion patterns in any
desired directions to ensure effective mixing of
conditioned and entrained air within the room.
Computational fluid dynamics (CFD) is used to
study the behavior of dynamic fluids (fluids in motion)
and solve fluid flow-related problems with the help of

computational power, using numerical methods. Venas et.

al '? examined the usage of ceiling-mounted diffusers to
provide a heating effect during winters. Several CFD
simulations were done for the analysis. It was found that
the air exchange efficiency was quite low when using
excessive temperature in a situation without internal heat
load. However, the ventilation efficiency was increased
by adjusting the internal heat loads, which represent
low-level heat sources like laptop computers, people, etc.
This sort of ventilation for heating favors peak loads i.e.

when the building is occupied, additional heat is possible.

Farizi et. al '3 studied the effect of moisture transfer on
the thermal performance of an alternating-current heat
recovery ventilator through the theoretical model.The
fiding of the study show that the enthalpy efficiency of
alternating-current heat recovery ventilator increases as
the accumulated mass of condensate increases due to the
latent heat. Furthermore, the length of the thermal
storage unit increases, and the airflow rate decreases 27.
Einberg ¥ used a a computer model for the design of a
ventilation system that takes into account all aspects of
room ventilation. The aim of the work was to investigate
indoor air quality, air diffusion and comfort issues using
CFD. According to Gery, literature, measurements and
simulations showed that locations with low air velocity
conditions get contaminated with particles. This is why
airflow simulations were performed to test different
designs. All simulations showed that air distribution to
the space is necessary. It helps in finding the
concentration of contaminants, and the temperature of
the occupied zone and acts as a variable for energy
efficiency via the usage of airflow rate. Savanti et. al and
Babhar et. al 2% investigated the effect of ventilation on
indoor air quality and air exchange rate using SPSS
software. They found that a lack of natural ventilation

reduces the rate of air exchange, which affects air quality.

In addition, air movement and volumetric air flow have a
significant relationship with air exchange rate. Proper
ventilation can reduce the temperature and relative
humidity in the room. Well-designed building ventilation
has a significant impact on the indoor quality of air and
reduces energy consumption.

Han et.al '® used the Bayesian Markov chain Monte
Carlo algorithm for smart ventilation to reduce energy

consumption in buildings. It is occupant-based
demand-controlled ventilation. It controls the outdoor
airflow rate in real-time according to the estimated
number of occupants. Mijorski et. al !” performed CFD
based analysis of thermal comfort in a ventilated room.
In the study, the thermal comfort of occupants in an
office was evaluated for two different cases created by
two different positions of air supply devices in the office.
This study concluded that the location of the air supply
device influences the thermal comfort of occupants in the
room. Thermal comfort in the occupied zone of an indoor
environment depends on the room airflow to a certain
extent. Mogra et. al '® evaluated the importance of
thermal comfort in classrooms by assessing the air
velocity and temperature with the help of the CFD
technique. They described thermal comfort as a key
factor that affects the productivity of people in a room. A
CFD model was created for the positioning of the air
conditioning system. It was originally placed in the
center and simulations were done. Later, it was placed
diagonally. The CFD simulation results showed that the
diagonally placed AC system provided a better overall
distribution of air compared to the centrally placed
model. Alessandro et. al 19 stressed the importance of
DCV (diffuse ceiling ventilation) to address thermal
comfort requirements and internal air quality of buildings.
In their study, a performance comparison between
non-continuous and continuous perforation distribution
was conducted using a CFD model. The CFD analysis
showed that the non-continuous diffuser doesn't create
any negative effect on the system. Both the perforation
setups created different air distributions in the room, but
draft discomfort due to airflow velocity wasn't
experienced in either of the cases. Xu and Niu 2%
described a method for characterizing vortex air diffusers
for CFD simulation of room airflow. The simulated
results showed that the wvelocity distribution pattern
around the diffuser zone is very complicated and a
vertical temperature difference exists in the room under
the influence of buoyancy. Prakash et al. 2V discussed
CFD analysis of flow through a conical exhaust diffuser.
A diffuser with a half cone angle of 70 was found to
provide maximum static pressure recovery and exhibit
better performance. Uraijaree et al. 22 studied the effects
of designs of ceiling diffusers with various concentric
circles on airflow patterns using computational fluid
dynamics simulations software. It was found that a
ceiling diffuser with five concentric circles improves
airflow quality at the outlet by 13.57% which reduced
shortened freezing time. Rao et al. and Herlambang et
al. 229 discover the airflow pattern of a ceiling fan in a
closed room at various rotational speeds and blade angles
using CFD. The basic analysis model is comprised of
models of three and four wings fans. After that, bald
angles and rotational speed were varied under different
blade angles. The result showed that a fan with four
wings produced comfort conditions at blade angles 12°
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and rotational speeds of 400 rpm. Borowski et al. ¥
studied the velocity field of airflow flowing through a
swirl diffuser using the Particle Image Velocimetry (PIV)
method for different values of Reynolds number. The
result showed that the velocity vector values decrease
with the increase in Reynolds number. Its lowest velocity
vector values were found at Reynolds numbers of
143,000 and above. Halibart et al. 2> analyzed the effect
of plenum box (top and side) entry on the velocity profile
concerning the diffuser face panel using mathematical
and numerical models. Analyses show that the plenum
box entry has a very significant effect on the dispersion
of the air flowing out of the air diffuser. Furthermore, the
use of perforations in the plenum box may help to slow
down the velocity. In this work, a free architecture design
tool called PCON was used to create the geometry of the
office/home along with the furniture. OpenFOAM was
used to create a mesh and simulate the flow through a
square ceiling diffuser and understand the Coanda effect
which is created by such a diffuser. Open source code
called Paraview was used to analyze the CFD
simulations.

2. Research methods

The whole methodology followed from creating the
model, meshing, simulation, and post-processing is
described as follows:-

» Geometry modeling using pCon.

»  Mesh generation using snappyHexMesh.

» CFD: case setup with appropriate boundary
condition and simulation.

2.1 OpenFOAM

OpenFOAM is a C++ toolkit used to develop custom
numerical solvers and pre/post-processing tools for
solving continuum mechanics problems mostly related to
computational ~ fluid  dynamics. The  acronym
OpenFOAM stands for Open Source Field Operation and
Manipulation. It is free software, having an open-source
code which makes it a popular choice in both industrial
and academic systems.

2.2 SnappyHexMesh

snappyHexMesh is an octree mesh generator utility
within the OpenFOAM framework to create hex
dominant mesh with desired minimum quality.
Key features of snappyHexMesh are-
» It starts from a predefined mesh and refines it.
» It works on .stl, .obj files having triangulated
formats of geometry.
» It can work in watertight as well as
non-watertight geometries.
» Can be run in parallel systems
» RL (refinement level) can be adjusted

2.3 pCon

pCon Planner is software enabling room furnishing,
space planning, and furniture configuration. pCon is
preferred by architectural designers and engineers
because of its simplicity of use and wide range of
features. It was designed by EasternGraphics GmbH in
llmenau (Thuringia/Germany).

2.4 ParaView

ParaView is an open-source post-processing
application that enables its users to analyze and visualize
data. It was generally developed to analyze large datasets
through the usage of distributed computation models.
ParaView is an important tool in the field of
computational fluid dynamics, which helps in improving
design efficiency through CFD simulations.

2.5 Geometry modeling using pCon planner

The 3-D schematic model of a room of dimensions
6x4.8x3m> (length x breadth x height) is created using
pCon planner software as shown in Fig. 2 and the 3-D
geometry model as viewed in ParaView depicted in Fig.
3. This model is used for meshing and numerical analysis
in the OpenFOAM software. The room consists of sofas,
two beds, a cupboard, one table, four windows, and two
doors. The inlet air diffuser is placed in the middle of the
room ceiling. There is only one outlet in the geometry,
placed at the ceiling. It is a watertight geometry which
means that there is no escape route for air, apart from the
outlet provided at the ceiling. Air is coming into the room
via an inlet which is located at the center of the roof.

Fig.2: Geometry modeling using pCon planner (Ceiling
removed for clearer interior view).
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Fig.3: The 3-D geometry model as viewed in ParaView.

2.6 Mesh generation using snappyHexMesh

The steps of mesh generation are as follows:-

» The meshing problem is defined in the form of a
stl or nastran file.

» The background mesh of hexahedral cells is
generated using blockMesh. Fills the entire
region inside the outer boundary.

» At feature edges and surface, cellsplitting is
performed wusing castellatedMeshControls.
Octree approach is used for better refinement.

» Retained cells are identified by location point
within the defined region. Approximately, if half
or more of the cell area lies within the region,
then the cell is retained. Non-retained cells are
removed.

» The points on the surface are snapped to create
the required mesh.

The cut section of mesh along the x-axis of the model
created as shown in Fig.3 is depicted in Fig. 4. Fig. 5
shows mesh near the diffuser region created using the
castellatedMeshControls. This feature helps in surface
refinement in regions where a finer mesh is required.

Fig.4: Cut section of mesh along the x-axis.

UL
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— |
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| ¥
Fig.5: Diffuser mesh structure.

2.7 Simulation by applying appropriate boundary
conditions in OpenFOAM

The geometry is created and mesh is formed, which
forms the basis of simulation. OpenFOAM solves the
governing equations and produces the results.

2.7.1 Governing equations

The conservation equations like continuity,
momentum, energy, standard k-Q SST model, etc. are
used in the OpenFOAM solver to solve the airflow
analysis. The equations are as follows:-

Equation of continuity

Equation of momentum or Navier Stoke’s equation

~V.P+ u,,Vvpg(T-T,) = pv.Vv -=(ii)
Where, p, V, P, petr, B, Trer, T, g are density, velocity
and pressure, effective dynamic velocity, thermal
expansion coefficient of air, reference point temperature,
temperature for air, gravity acceleration of air
respectively.

Equation of energy

R A A I e (iii)

Where, ¢, and 1, are specific heat for constant
pressure and effective thermal conductivity.

Equation of standard k-Q SST turbulent model

L) =+ Bk 57 e ()

i k

0 H o2 & 2 S?

—(pu;e)=(u+—)\Ve+C, —uS -C_ p—--- v

o (Pre) = (u pg) s WP (v)
pC K .

i = ; (vi)

The coefficients of C, P P:C,,C, = 0.09, 1.0, 1.3,

el> g2

1.44, 1.44 respectively and S= (Sij Sij)*>
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2.7.2 Boundary conditions

The volumetric flow rate of 0.043 m%/s is applied at the
inlet and fixed pressure (atmospheric pressure) 101325 Pa
is used. The fluid material properties and geometry
dimensions are tabulated below in Table 1.

Table 1. Boundary conditions

Item Value

Air density, p
Dynamic air viscosity, |t
Specific heat of air, cp

Ideal gas law
1.7894 x10° kg/m-s
1006.43 J/kg-K

Thermal conductivity of air, k 0.0242 W/m-K
Coefficient of thermal expansion | 0.0034 K'!

of air,

Turbulent viscosity ratio 10

Reynolds number at the inlet 23,961

Rei (=p Vidi/p)

Room dimensions 6x4.8x3m’

165.6x165.6 mm?
15.28x215.28 mm?
287K (14 °C)
296K (23 °C)

Diffuser dimensions

Outlet dimensions, di

Inlet Temperature, T;

Average Room Temperature,Ta

3. Result and Discussion

Air is coming into the room via an inlet which is
located at the center of the roof. Air then passes through
a small duct and enters the room via a ceiling diffuser
(four ways). Air, as it passes through the ceiling diffuser,
gets split in four directions owing to the geometry of the
ceiling diffuser. The geometry of the diffuser is as shown
in Fig.6. Air jets coming out of the ceiling diffuser stick
to the roof and move out towards the wall. It is to be
noted that air does not follow downward movement but
keeps moving along the roof. The jet spreads out as can
be seen in Fig.7 but remains attached to the roof. This
phenomenon is called the Coanda effect. The flow
velocity at the ceiling is higher compared to the rest of
the domain as illustrated in Fig7. The red color denotes
higher velocities and blue denotes lower velocity. It's
evident from figure 7 that the velocity of air keeps
decreasing as it moves further away from the diffuser
toward the walls.

Fig. 6: Square ceiling diffuser.

Velocily Magnilude (m/s)

Fig.7: Four-way directional airflow coming out of diffuser.
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Fig.8: Airflow velocity magnitude along with the ceiling.

The airflow velocity vector is depicted in Fig.9. It can
be seen in Fig. 9 that airflow gets split through diffuser
slots in all four directions with uniform velocity. As the
airflow moves along the ceiling, its velocity keeps on
decreasing as it moves further away from the diffuser.

'EOeOIE
-04 ]

k]
—0s 2
L §

H
01 z
b .5
006400 G

>

Fig.9: velocity vectors of airflow.

The velocity vector in the cut plane is shown in Fig.10.
The velocity vector is colored by velocity magnitude. By
the virtue of the Coanda effect, the airflow moves along
the ceiling/roof equally in all four directions and the air
is then directed downwards and creates four
vortexes. This leads to an even distribution of
conditioned air throughout the room, as shown through
the velocity vectors in Fig.10. The air velocity magnitude
becomes less than 0.2 m/s (shown by dark blue vectors)
till the movement reaches the room occupants, which is
comforting for the occupants of the room
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ocily Magnilude ¢

Fig.10: Cut section of the Velocity vector.

The diffuser vanes change the direction and velocity of
flow. As flow passes through diffuser vanes, it is forced
to bend owing to the geometry of the vanes. The change
in geometry causes the flow to separate at the edge of the
vanes as shown in Fig.11. According to Bernoulli's
principle, an increase in fluid velocity occurs
simultaneously with a decrease in static pressure. The
bluish region in Fig.11 denotes an area of decreased
pressure near the diffuser slots. Simultaneously, Fig. 12
shows the increased velocity of air in the same region,
denoted by the red color. The increase in velocity of
airflow is due to the pressure drop near the diffuser slots.

-{)
8

I
Veloaity Magnitude (m/s)

D_
8

Fig.11: Airflow along with diffuser slots.
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Fig.12: Pressure drop along with diffuser slots.

4. Conclusion

1. The main objective of the study was to understand the
airflow patterns generated by the intake of a square
ceiling diffuser placed in the center of the ceiling of
the room.

2. A three-dimensional model is created using freeware
called pCon and then open-source code OpenFOAM is
used to generate the mesh in the geometry and to do
CFD simulation. The post-processing is done in
ParaView which is a freeware and open-source code.

3. Simulation was able to capture the phenomena of the
Coanda effect by which flow after coming from the
ceiling diffuser flows along the roof and spreads air
uniformly.

4. The square ceiling diffuser throws air in all four
directions.

5. The flow sticks to the ceiling and it moves towards the
walls of the room, thus creating the Coanda effect.

6. Air velocity is reduced to 0.2-0.3m/s as it reaches the
floor and toward the center of the room. As the
velocity of air is reduced to a very small value which
indicates that no possibility of the draught of air onto
the room occupants is there

7. The results showed that a square ceiling diffuser
distributes conditioned air properly throughout the
room at a velocity that is comforting for room
occupants.
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