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Abstract—Understanding the behavior of airflow in a room is
essential for building designers to provide the most efficient design of
ventilation system, and having acceptable indoor air quality. This
trend is the motive to solve the relationship between airflow
parameters and thermal comfort. This paper investigates airflow
characteristics, indoor air quality (IAQ), and the thermal comfort (TC)
in a ventilated room with a displacement ventilation system using three
dimensional CFD code [AirPak 2.0.6]. After validation of the code, a
numerical study is executed for a typical room with dimensions of Sm
by 3m by 3m height according to a variety of supply air velocities,
supply air temperature and supply air relative humidity. The finite
volume method and the indoor zero equation turbulence models are
employed for solving the governing equations numerically. The
temperature field and the mean age of air (MAA) in the modeled room
for a displacement ventilation system are determined according to a
variety of the above parameters. The variable air volume (VAV)
systems with different supply air velocity are applicable to control
room air temperature for a displacement ventilation system.

Keywords—Displacement ventilation, AirPak, Indoor zero
equation, MAA.

[. INTRODUCTION

OWADAYS, the majority of people spend up to 90% of

their time indoors. Knowledge and prediction of indoor
climate conditions are important for optimizing indoor climate
and indoor air quality, and it is also important for energy
conservation [1]-[10]. Indoor air quality and thermal comfort
are two important aspects of indoor environmental quality that
receive considerable attention [11].

Displacement ventilation has been applied mainly in more
countries and spreading worldwide. It causes slow upward
airflow in a room with bottom wall outlets. Supply air is
introduced to the room at a low velocity and at a temperature
slightly below the desired room temperature. Over 40% of US
energy consumption is related to the provision of adequate
heating, cooling and ventilation for buildings. So, the study of
thermal comfort is very important because it is correlated not
only with occupants' comfort, but also with energy
consumption [12].

Understanding the behavior of airflow in a room is essential
for building designers to provide the most efficient design of
ventilation system, and having acceptable indoor air quality.
This trend is the motive to solve the relationship between
airflow parameters and thermal comfort. This paper
investigates airflow characteristics, indoor air quality (IAQ),
and the thermal comfort (TC) in a ventilated room with a
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displacement ventilation system using three dimensional CFD
code [AirPak 2.0.6]. After validation of the code, a numerical
study is executed for a typical room with dimensions of Sm by
3m by 3m height according to a variety of supply air velocities,
supply air temperature and supply air relative humidity. The
finite volume method and the indoor zero equation turbulence
models are employed for solving the governing equations
numerically. The temperature field and the mean age of air
(MAA) in the modeled room for a displacement ventilation
system are determined according to a variety of the above
parameters. The variable air volume (VAV) systems with
different supply air velocity are applicable to control room air
temperature for a displacement ventilation system.

From the view point of HVAC design as present in
ASHRAE Applications Handbook [13] that recommends
general guidelines for an operating room that its temperature
should be held in the range of (20-24°C), relative humidity
should be from 50% to 60%, positive air pressure should be
maintained, and all air exhausted with no recirculation is
preferred. ISO7730-1994  presents moderate thermal
environments and recommends that the vertical air
temperature difference (VATD) from the ankle level 0.1m to
the height of 1.1m which is representative for the breathing
zone of a sitting person has been used to determine the local
thermal discomfort. The maximum temperature difference
between ankle level and head one must be below 3°C
[14]-[16].

The mean age of air (MAA) is generally defined as the
average time for air to travel from a supply inlet area to any
location in a ventilated room [17]-[19]. The mean age of air is
one of the most important parameters that describe the
ventilation efficiency in a space. The age of air concept
assumes that the age of air at the inlet area is equal to zero
(100% fresh). It is obvious that the high values of the mean
age of air (MAA) mean that part of the air circulates for a long
time inside the room. So the values of the mean age of air
reflect the efficiency of ventilation system [20].

In the past years, Spitler [21] studied experimentally the
effect of the inlet velocity on air distribution in a full scale
unoccupied ventilated room that has the dimension of 5m long,
3m wide, and 3m high. The supply and exhaust outlets are
each 0.333m wide and 1.0m high. Nielsen [22] presented an
attractive alternative to the experimental methodology to
determine indoor airflow characteristics. Computational fluid
dynamics opened a route to numerically predict the indoor
climate on a detailed level with high flexibility in terms of
configurations and boundary conditions. Baker et al. [23]
studied the same Spitler’s experimental room numerically
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using a finite element method, and Alfahaid [24] studied the
effect of the inlet velocity and temperature, and compared his
results with Spitler’s and Baker’s results for the same room.
For specific air supply systems, Chen [25] and Niu [26]
determined relations for the temperature distribution in the
room as a function of the internal heat load and the ventilation
rate for a range of simulated airflow patterns using CFD. Later,
Peng [27] adopted a similar approach. All of these previous
studies did not examine the effect of supply air relative
humidity on the air distribution in the room.

Recent advances in computational fluid dynamics and
computer power make it possible to accurately predict some
features of airflow within ventilated spaces. The CFD method
has been successfully applied for airflow analysis in room.
However, it usually requires lots of meshes and consumes
much time to get convergence for engineering problems. The
main factors affecting the simulation speed are the method of
describing inlet boundary conditions [28], turbulence model
used [29], and the numerical method of solving the discrete
equations [30]. Computational fluid dynamics technique is
widely used to predict airflow in ventilated rooms. Especially
for parametric studies, CFD is a useful scheme to save cost
and time, compared to experimental methods. Recent
computer technology encourages the utilization of CFD due to
higher calculating performances. CFD requires iterating
calculations and post processing techniques.

This study is dedicated to a three dimensional numerical
analysis of a displacement ventilation system. To fill the lack
in the previous studies, parametric simulations are carried out
for a typical office room with a variety of supply air velocities,
supply air temperature and supply air relative humidity. The
main goal of this paper is to improve the knowledge of the
indoor airflow distribution for displacement ventilation, and to
study the temperature field, the velocity field, the relative
humidity, and the mean age of air (MAA) in the room, and
then it will be possible to optimize indoor air quality, thermal
comfort and energy use during the design. On the other hand,
this paper aims to validate that a displacement ventilation
system achieves not only thermal comfort but also energy
conservation.

II. NUMERICAL CFD MODEL

The CFD tools are being increasingly used in the industries
concerned with fluid flow. Some programs have been
developed for the HVAC industry as well. For this study, a
commercial CFD code [AirPak 2.0.6] is used to predict flow
and temperature field in the room with displacement
ventilation system. The AirPak CFD tool from Fluent Inc. was
used. The AirPak program is a customized version of the
FLUENT program [31]. It lets the user accurately model
airflow, heat transfer, and species transport equations. The
program uses a new zero-equation indoor turbulence model
that addresses the need for a simple but reliable turbulence
model for room ventilation [32]. Moreover the program
interface is user friendly and allows quick set up of the model
and its specifications.

The governing

equations are the incompressible

Navier-Stokes equations and the continuity equation in
Cartesian coordinates. The Boussinesq hypothesis is used for
the buoyancy force term. The steady-state calculations are
carried out for all the cases.

Indoor airflow calculations wuse the Boussinesq
approximation for thermal buoyancy [33]. The approximation
takes air density as constant in the momentum terms and
considers the buoyancy influence on air movement by the
difference between the local air weight and the pressure
gradient. With an eddy-viscosity model, the indoor airflow is
described by the following time-averaged Navier-Stokes
equations for the conservation of mass, momentum, energy,
and species transport equation.

Continuity

v _
Foiall (1
where V= mean velocity component in xi-direction; x; =
coordinate (for i =1, 2, 3, x; corresponds to three perpendicular
axes).

Momentum Equation
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where p= air density; V; = velocity component in x;-direction;
P = pressure; p.gs = effective dynamic viscosity; f= thermal
expansion coefficient of air; to = temperature of a reference
point; t= temperature; gi= gravity acceleration in i-direction.
The last term on the right side of (2) is the buoyancy term. The
turbulent influences are lumped into the effective viscosity as
the sum of the turbulent viscosity L, and laminar viscosity p;:

He™ Wi+ 1y (3)

In the Prandtl-Kolmogorov assumption, the turbulent
viscosity is the product of turbulence kinetic energy, k, and
turbulent macro scale, L, that is a proper length scale for
turbulence interactions: p, :Cvpk”zL where C, = 0.5478, an
empirical constant.

Energy Equation
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where I'.y is effective turbulent diffusion coefficient for t,
It ei=Mes/ Press Where Preg is effective Prandtl number.

The Concentration of Species Equation
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where C is species concentration; I'; . is effective turbulent
diffusion coefficient for C; SC is source term of C. Similar
method to the energy equation is used to determine the
effective diffusive coefficient for species concentration
Tcer=Mer/Scer Where effective Schmidt number, Scey, is equal
to 1.0.

Supply Air Velocity:

_ ACHxVolume
T 3600x4

(6)
where ACH is air change per hour, A is inlet area (A=0.333x1
m?), and room volume is equal to 45 m’.

A. Code Validation

The accuracy of the CFD code is established through a
validation process. This process involves comparison of
predicted results from the CFD code with those obtained from
pervious numerical studies with same conditions. One case has
been chosen from present study compared with the results
taken from Baker’s numerical study [22], and Alfahaid’s
numerical study [23] with the same parameters.

Before this comparison, different structured grids were used
to establish the grid independence. Fig. 1 shows the vertical
temperature distribution averaged over the horizontal plane for
2,237, 4,014, 41,598 and 58,559 grid sizes. In this graph, the
results 41,598 and 58,559 are very close to one another and
therefore the results obtained with 58,559 grid size can be
considered to be grid independent. After grid independence,
the numerical code was validated as illustrative in Fig. 2
which shows the comparison between Alfahaid’s numerical
study, Baker’s numerical study, and the results obtained from
the present model.
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Fig. 1 Grid independence study for different grid size
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Fig. 2 Comparison between the present data, Baker’s results [22], and

Alfahaid’s results [23]

[II. ROOM MODEL FOR THE PRESENT STUDY

After validating the code with Alfahaid’s results, and
Baker’s results, Spitler’s room geometry was chosen to
simulate a room to examine the effects of different
environmental parameters on the phenomena of room
displacement ventilation. Fig. 3 shows the room model
employed in the present work that having the dimension of 5m
long, 3m wide, and 3m high. The supply and outlet are each
0.333m wide and 1.0m high. There are no flow obstacles in
the room interior. All interior walls and the ceiling are
maintained at 31°C, and the floor is an adiabatic surface. All
simulated cases are tabulated in Table 1. Each case is studied
for four different supply air temperatures.

Fig. 3 Room model geometry employed in the present work
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TABLE I

SIMULATED CASES STUDIED IN THE PRESENT WORK

Case

V (m/s)

RH %

£(°C)

AS5R40

A8R40

A12R40

Al14R40

A17R40

AS5R45

A8R45

A12R45

A14R45

A17R45

ASR50

A8R50

A12R50

A14R50

A17RS50

0.19

0.3

0.45

0.53

0.64

0.19

0.3

0.45

0.53

0.64

0.19

0.3

0.45

0.53

0.64

40

40

40

40

40

45

45

45

45

45

50

50

50

50

50

19
21
23
25
19
21
23
25
19
21
23
25
19
21
23
25
19
21
23
25
19
21
23
25
19
21
23
25
19
21
23
25
19
21
23
25
19
21
23
25
19
21
23
25
19
21
23
25
19
21
23
25
19
21
23
25
19
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21
23
25
19
21
23
25
19
21
23
25
19
21
23
25
19
21
23
25
19
21
23
25

ASR60 0.19 60

A8R60 0.3 60

A12R60 0.45 60

AT4R60 0.53 60

A17R60 0.64 60

IV. RESULTS AND DISCUSSION

The numerical results obtained from the analysis of the
velocity, the temperature and the relative humidity field, are
presented as follows.

The velocity contours in different locations are shown in
Figs. 4 and 5. It is shown that the velocity just above the floor
that is near to the inlet is high and it decreases when we
moving away the inlet. Therefore, the buoyancy force effect
appears only near to the inlet and this effect can be neglected
far from the inlet, and this effect appears also on temperature
contours as shown in Figs. 6 and 7 and also in the relative
humidity contours as shown in Figs. 8 and 9.

The values of the mean age of air at different location are
shown in Figs. 10 and 11. It is shown that MAA is low in the
lower zone so that, the lower zone is fresher than the upper
zone. This means that the ventilation efficiency in the lower
zone is higher than in upper zone. On the other hand, due to
the supply location in the corner of the room (Fig. 3), air hits
the wall since the moment it enters the room, this allows air to
circulate away from the inlet which leads to increase the value
of the mean age of air away from the inlet. Therefore, the
ventilation efficiency decreases far from inlet especially in the
upper corner above outlet where the value of the mean age of
air is high in this area.
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0.0 0.06 0.110.17 0.23 0.28 0.34 0.39 045 20.1 22.82 25.55 28.27 31
Fig. 4 Velocity contour on plane at Z= 0.75 m for caseA12R50 at Fig. 7 Temperature contour on plane at Z=1.5m for caseA12R50 at
tin=2 1 0(j tin=2 IOC

{

0.0 0.06 0.110.17 023 028 0.34 039 045 25 27 29 31 33 34 36 38 40
Fig. 5 Velocity contour on plane at Z= 1.5 m for caseA12R50 at Fig. 8 Relative humidity on plane at Z= 0.75 m for caseA12R50 at
,=21°C t,=21°C

20.1 22.82 2555 2827 31 2527 29 31 33 34 36 38 40

Fig. 6 Temperature contour on plane at Z=0.75m for case A12R50 at Fig. 9 Relative humidity on plane at Z= 1.5 m for case A12R50 at
,=21°C t,=21°C
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Fig. 10 Mean age of air on plane at Z= 0.75 m for caseA12R50 at
t,=21°C

[ D— — — — — |
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Fig. 11 Mean Age of Air on plane at Z= 1.5 m for caseA12R50 at
,=21°C

Fig. 12 shows the vertical air temperature differences
(VATD) between the level of 0.1m and 1.1m above floor for
different supply velocities. The supply air velocity of 0.188
m/s is not enough to satisfy requirements of ISO7730 for all
temperature, however the velocity of 0.3 m/s is needed only
for tin=21°C to satisfy ISO7730 recommendation and more
increasing the temperature and velocity are not effective.
Therefore, it is possible to adapt a VAV system for
displacement ventilation to save fan energy without reducing
thermal comfort of the occupants.

For different inlet relative humidity as shown in Fig. 13,
supply air velocity of 0.3 m/s is enough to satisfy ISO7730
recommendation for any inlet relative humidity; this means
that any increase of inlet relative humidity does not affect
thermal comfort for displacement ventilation from ISO7730
recommendation viewpoint as presented previously.
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Fig. 12 Vertical air temperature difference between 0.1m and 1.1m

above floor at RH;,=50%
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Fig. 13 Vertical air temperature differences between 0.1m and 1.1m

above floor at t;,=21°C

V. CONCLUSION REMARKS

Buoyancy force has great effect on temperature and
velocity field especially in case of low inlet temperature.
Increasing the supply air velocity does not having any
effect on the trend of the relative humidity profiles.

e The variation of the temperature profile for low inlet

temperature cases was higher than for high inlet
temperature cases.

e In the displacement ventilation system, the thermal

comfort depends on the supply air temperature and the air
velocity while the inlet relative humidity effect can be
neglected.
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The relative humidity of the supply air should be 15%
higher than the recommended value in the room in case of
low inlet temperature, and 20% in case of high inlet
temperature.

Displacement ventilation system is expected to achieve
not only thermal comfort in ventilated rooms but also
energy saving of fan power.
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