1JCSI International Journal of Computer Science Issues, Vol. 8, Issue 5, No 2, September 2011
ISSN (Online): 1694-0814
www.IJCSI.org 200

Simulation of Thermal Comfort of a Residential House

Masine Md. Tap!, Haslinda Mohamed Kamar?, Abdul Kadir Marsono® Nazri Kamsah* and Khairul Amry Mohd Salimin®
! Department of Manufacturing and Industrial Engineering, Faculty of Mechanical Engineering, Universiti Teknologi Malaysia,
Skudai, Johor 81310, Malaysia

2 Department of Thermo-Fluid, Faculty of Mechanical Engineering, Universiti Teknologi Malaysia
Skudai, Johor 81310, Malaysia

® Department of Structural Engineering, Faculty of Civil Engineering, Universiti Teknologi Malaysia
Skudai, Johor 81310, Malaysia

4 Department of Thermo-Fluid, Faculty of Mechanical Engineering, Universiti Teknologi Malaysia
Skudai, Johor 81310, Malaysia

® Faculty of Mechanical Engineering, Universiti Teknologi Malaysia
Skudai, Johor 81310, Malaysia

Abstract

In hot and humid climates thermal comfort can become a
problem to the occupants of many residential buildings
especially when they are not equipped with air-
conditioning system. This paper presents outcomes of an
ongoing research work to investigate thermal comfort level
in a naturally ventilated residential house in Malaysia using
computational fluid dynamics (CFD) method. Actual
measurements of the temperature distribution, relative
humidity and air flow pattern were conducted. CFD
simulations on the model of the house allow us to visualize
the temperature distribution and air flow pattern and
velocity in the house. The thermal comfort in the house
was found to be well outside the limits specified by
ASHRAE standards. CFD simulation was used to
investigate the effects of using a ceiling fan installed in the
middle of the hall section and rotating at 150 RPM. It was
found that the fan produced swirling flow pattern in the
hall section resulting in a more uniform temperature
distribution inside the house. However, there is no
significant improvement in the thermal comfort level in the
house. Results of CFD simulations also show that the use
of small extractor fans installed on the front and back walls
has no significant effects on the thermal comfort level in
the house. Although the mechanical ventilation devices
did not help improve the thermal comfort in the house
being studied, the CFD simulation results can be used by
building designers and engineers to further improved the

level of thermal comfort in residential houses in hot and
humid climates that are naturally ventilated.

Keywords: Thermal Comfort in a Residential Building,
Computational Fluid Dynamics, Naturally Ventilated Residential
House.

1. Introduction

In hot and humid climates, thermal comfort in both
residential and commercial buildings is essential. Most
residential buildings are not equipped with air-conditioning
systems. Instead they rely mostly on natural ventilation,
passive cooling system and mechanical ventilation devices
such as ceiling and extractor fans to achieve certain level
of thermal comfort. Special attention must be given to the
design and installation of these devices so as to optimise
their effects to thermal comfort. Moreover, the quality and
energy efficiency of these devices varies widely.

It is therefore critical to assess several important building
characteristics at the design stage. These include the ability
to improve energy efficiency, effects of solar radiation,
effects of air flow due to wind and the most importantly the
occupant’s comfort. To assess the thermal comfort, it is
necessary to analyse the air velocity, temperature
distribution, and relative humidity of the air in the interior
space of the building. Standards that may be used to
evaluate thermal comfort are widely available and
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numerical methods such as computational fluid dynamics
(CFD) may be utilized to assist in the analysis.

A CFD software such as Fluent is a useful tool that can be
used to create a virtual model of the building interior and
simulate air flow, temperature profile and humidity which
are directly related to thermal comfort, before the actual
construction can be done. Modifications to an existing
building can also be simulated using the CFD method prior
to any physical renovations.

2. Human Thermal Comfort

Human thermal comfort is defined as the state of mind that
expresses satisfaction with the surrounding environment
[1]. Maintaining the thermal comfort for occupants of
buildings or other enclosures is one of the important goals
ofthe  Heat, Ventilation and  Air-conditioning
(HVAC) design engineers. Thermal comfort in buildings is
affected by the transfer of heat energy
by conduction, convection, radiation, and evaporative heat
loss. Thermal comfort will be maintained when the heat
generated by human metabolism is allowed to dissipate,
thus a person will maintain thermal equilibrium with his
surroundings. Any heat gain or loss beyond this level will
generate a sensation of discomfort. The sensation of
feeling hot or cold is not just dependent on air temperature
alone. Other factors that can affect human thermal comfort
are the relative humidity of the ambient air, the air
movement pattern and its velocity, radiant heat exchange,
metabolic rate of a person and the person’s clothing [2].

The thermal comfort condition in a ventilated building may
be assessed through the air flow pattern and its velocity,
the temperature distribution and the indoor air quality [3].
A good indoor climate will not only make its occupants
comfortable but also promote the energy saving and its
sustainability [4]. Natural ventilation implies that air is
supplied and removed from the indoor space of a building
by natural means. The effectiveness of natural ventilation
therefore depends very much on the design features of the
house [5]. Natural ventilation is usually coupled with the
use of mechanical ventilation system such as extractor and
ceiling fans to provide better ventilation and thus thermal
comfort condition.

Computational fluid dynamics (CFD) is a branch of fluid
mechanics that uses numerical methods and algorithms to
solve and analyze problems that involve fluid flows.
Computers are used to perform the calculations required to
simulate the interaction of liquids and gases with surfaces
defined by boundary  conditions. With high-
speed supercomputers,  better  solutions can  be
achieved. Many researchers have used CFD to analyze
thermal comfort in building spaces and investigating the
effects of natural and stratified ventilations on the thermal

1JCSI International Journal of Computer Science Issues, Vol. 8, Issue 5, No 2, September 2011
ISSN (Online): 1694-0814
www.IJCSI.org

comfort. Some used this technique to improve the
efficiency of energy usage for the building. These are very
difficult to be carried out by using other methods [6].
Bastide et.al. [7] used CFD to predict building energy
efficiency. Serra & Semiao [8] used CFD to evaluate and
compare between two different ventilation strategies and
Stravrakakis et.al. [9] used CFD to evaluate the effect of
window sizes to thermal comfort and hygiene in buildings.

This paper presents a study on thermal comfort in a single-
storey terrace residential house in Malaysia, which is not
furnished with an air-conditioning system. The goal of this
study is to assess the level of thermal comfort in the house
when it is naturally ventilated and when a ceiling fan is
used together with the natural ventilation. Fluent CFD
software was used to construct a virtual model of the
house. CFD simulations were performed to predict the air
flow and temperature distributions in the house. The
simulation procedure was validated by comparing results
of the CFD analysis with data from actual measurement.
The effects of a ceiling fan, installed in the hall section of
the house and extractor fans installed at the front and rear
walls of the house, on the air flow and temperature
distributions were also investigated.

3. Thermal Comfort Study of a Residential
House

Figure 1 shows a virtual model of the interior regions of a
residential single-storey terrace house we used as a case
study developed using Fluent CFD software. The house
comprises of several regions namely the hall, stack and
kitchen. The house is not furnished with air-conditioning
system and is naturally ventilated, i.e. both the front and

rear doors opened.
Back wall

- |
Back door
|

Front door

=
|

Fig. 1 CFD model of a residential house considered in this
study.

To assess the level of thermal comfort in the house, we
carried out measurements to acquire the average
temperature of the ambient air, the relative humidity of the
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air and the average velocity of the air inside the house. The
data were recorded during a time span from 12AM to
9PM. The data was compared with the upper and lower
limits of thermal comfort specified by the ASHRAE
standard [1] in order to assess the level of thermal comfort

Indoor Air Relative Humidity against Time
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ambient air inside the various sections of the house when
the house is naturally ventilated. The air temperature in all
sections decreases from about 29°C at 12AM to about
27°C at 6AM. Thereafter, the air temperature increases and
reaching the highest value of about 31°C at 6PM. Also
shown in Figure 2 are limits of air temperature for
acceptable level of thermal comfort, as specified by the
ASHRAE standard [1]. It can be seen that at any given
time, the average temperature of the ambient air inside the
house is well outside the limits of acceptable thermal
comfort.

Indoor Air Temperature against Time
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Fig. 3 Variation of relative humidity of the air inside the
house.

The variation of average air velocity in various sections of
the house is shown in Figure 4. Also shown in this figure
are the limits of air velocity for acceptable level of thermal
comfort, as specified by ASHRAE standard [1]. It can be
seen that the air velocity in the hall and stack sections is
fairly constant at about 0.1 m/s from 1PM to 6PM. The air
velocity in the kitchen area appears to fluctuate from 0.1
m/s to 0.2 m/s. At any given time, the average velocity of
the air inside the house is below the acceptable level of
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Fig. 2 Variation of average temperature of the air inside
the house.

Figure 3 shows variation of the relative humidity of the
ambient air inside the house. Also shown in this figure are
the limits of relative humidity for acceptable level of
thermal comfort, as specified by the ASHRAE standard
[1]. The figure shows that the relative humidity of the air
fluctuates within the range from about 71% at 10AM to
81% at 3AM. At any given time, the ambient air inside the
house is too humid and this condition would cause thermal
discomfort to the occupants.

e ASHRAE (lower limit

0.05 comfort zone)

10.00am 1.00pm 3.00pm 6.00pm

Fig. 4 Variation of average velocity of the air inside the
house.

3.2 Comfort Conditions with Combined Natural
Ventilation and a Ceiling Fan

The above findings clearly show the thermal comfort in the
house is well below a satisfactory level when the house is
ventilated naturally. Clearly, some means of increasing the
comfort level is required. The simplest way is by the use of
a ceiling fan. We then turned on the ceiling fan which was
installed in the hall section of the house, during the entire
data collection period. After a steady-state condition was
established, we repeated the measurements for the average
temperature of the ambient air, relative humidity of the air
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and the average velocity of the air in the various sections
of the house. The goal is to investigate the effects of the
use of the ceiling fan on these thermal comfort parameters.

Figure 5 shows the variation of average temperature of the
air when the ceiling fan was turned on. It can be seen that
the air temperature in all regions of the house decreases
from about 30°C at 12AM to about 27°C at about 10AM.
Thereafter, the temperature increases as more sensible heat
is gained by the air, reaching the highest value of about
31°C at 6PM. With the ceiling fan turned on, the
temperature of the air inside the house is still outside the
thermal comfort limits specified by ASHRAE [1].
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Fig. 5 Variation of average temperature of the air inside
the house when the ceiling fan was turned on.

The variation of relative humidity of the air inside the
house when the ceiling fan was turned-on is shown in
Figure 6. It is seen that the relative humidity of the air in
all sections of the house fluctuates during the data
collection period, reaching the highest value of 80% at
1PM and the lowest value of 65% at 6PM. The relative
humidity of the air is also outside the thermal comfort
limits specified by ASHRAE standard [1].

The variation of air velocity inside the house with the
ceiling fan turned on is shown in Figure 7. It is seen here
that the air velocity in the hall section is still above the
limit of thermal comfort level specified by ASHRAE
standard [1]. However, the air velocity in the stack section
appears to be below the comfort level limit. The air
velocity in the kitchen section is in the acceptable level of
thermal comfort.
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Fig. 6 Variation of relative humidity of the air inside the
house when the ceiling fan was turned on.
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Fig. 7 Variation of air velocity inside the house when the
ceiling fan was turned on.

The above results show that although a ceiling fan was
turned on during the entire data collection period, the
thermal comfort conditions in the house were still outside
the recommended acceptable level specified by the
ASHRAE standard [1]. Clearly, some other means of
mechanical ventilation need to be implemented in order to
further improve the thermal comfort conditions inside the
naturally ventilated house.

In the next section, we describe the use of computational
fluid dynamics (CFD) method to model and simulate the
thermal comfort conditions of the house. Our goal is to
predict the temperature distribution and velocity profile of
the ambient air inside the house for two conditions. First is
when the house was naturally ventilated and secondly is
when the ceiling fan was turned on. We used the thermal
comfort data we collected to verify the CFD modeling and
simulation procedure. Once verified, we then used the
model to investigate if the thermal comfort conditions in
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the house could be improved by the use of other
mechanical ventilation method.

4. CFD Analysis of the Residential House

Figure 1 shows the virtual model of the residential house
we considered in this study. The flowchart shown in Figure
8 summarizes the procedure we employed in performing
the CFD modeling and simulating the thermal comfort
conditions inside the house.

GAMBIT
Apply Boundary
Condition
-
‘ Parametric
Studies
Analyze Using 3
FLUENT
FLUENT <

Validation and
Analysis

Final Result

Fig. 8 CFD modeling and simulation procedure.

Three CFD models of the house were developed in this
study. The first model represents the house with natural
ventilation. The second model represents the house with
natural ventilation and furnished with a ceiling fan,
installed in the middle of the hall section. The third model
represents the house furnished with the ceiling fan and two
extractor fans. One extractor fan was installed on the front
wall near the door while the other on the real wall, also
near the door. The CFD simulations were performed on
these models to investigate the distribution of air
temperature and air velocity inside the house, under the
given ventilation conditions.

4.1 CFD Simulation on Naturally Ventilated
House

We first performed CFD simulation on the model which
represents the house that is naturally ventilated. After
meshing the model, we imposed the boundary conditions
(BCs) on the model that represent the natural ventilation
conditions, namely with the front door, middle door and

back door opened. In addition, there is an opening near the
top of the stack, on the front wall to allow outside air to
flow into the house. These boundary conditions are shown
in Table 1. The values of all parameters were taken from
the actual measurement from the house.

Figure 9 shows the distribution of air velocity obtained
from the CFD simulation. With natural ventilation, the air
is seen to flow in a streamline condition from the front
door towards the door on the middle partition wall, with
decreasing velocity. It appears that air circulation also
occurs in the middle of the hall but there is almost no air
flow near wall far from the door. The air flows from the
middle door towards the back door also in a streamline
condition and with increasing velocity. Uneven flow
condition is seen in the stack section and in the Kitchen, in
the area close to the rear wall.

Table 1 Boundary conditions for the house with natural
ventilation.

Types of BCs Zone Parameters
. Front door Velocity = 0.4 m/s
Inlet A."r Temperature = 29.6°C
Velocity
Stack Velocity = 0.4 m/s
Temperature = 29.8°C
Outlet Air Back Door Pressure = 101 kPa
Pressure Temperature = 29.3°C
Stack Heat gain = 10 W/m?
- 0
Wall Thermal Temperature = 30°C
Conditions Front wall Heat gain = 29.8 W/m®
Temperature = 29.3°C
Back wall | Heat gain = 19.8 W/m?
Temperature = 29.4°C
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e temperature and velocity distributions. The boundary
e conditions prescribed on this model are similar to those
ot given in Table 1. An additional boundary condition was
sl prescribed on the model to represent the ceiling fan that
e was installed in the middle of the hall and rotating at a
B speed of 150 RPM.
Bl
e Figure 11 shows the distribution of air velocity in the
e house. It can be seen that the ceiling fan had caused
oot swirling air flow in the hall section. The swirling flow
Tt intensity appears to be highest in the area closed to the
s T\ front wall. The air flow velocity increases compared to the
o z X natural ventilation condition, where the highest air velocity
Fig. 9 Distribution of air velocity (in m/s) when the house IS ab.o.ut 1.3 m/s near the_ front wall. Swirling air .ﬂOW
is naturally ventilated. conc_jl_tlon can also be seen in the area closgd to the mldgjle
partition wall. The air is seen to flow in a streamline
Figure 10 shows the contour of temperature distribution on condition from the door on the partition wall towards the
the walls and the air inside the house. The temperature back door, with a uniform velocity. Lower air velocity with
distribution for the air is taken at a height of 1.5 m above uniform pattern occurs in the stack section. Vortex flow
the floor level. It can be seen that the air temperature in the condition can also be seen in the kitchen, in the area closed
hall is almost uniform at about 302K (29°C). However, the to the wall, near the door.
air temperature is slightly higher close to the front wall.
The air temperature in the kitchen is also quite uniform at
about 303K (30°C). There is a significant temperature i T
variation on the front wall surface with the highest il
temperature is about 305K (32°C). This is due to a high 1432000
heat gain through this wall. The front wall of the stack and i
back wall of the house are at a fairly uniform temperature 1.160+00
of about 303K (30°C). o
ez 7 sha
3 8esc 820001
3 03ee0 et
o
05e+02 2.T1e01
i Bl
2010402 337003 g
304232
101 Fig. 11 Distribution of air velocity (in m/s) when the
18 ceiling fan was turned on.
55%% Figure 12 shows the temperature distribution in the house
Qe when the ceiling fan was turned on. It is seen that the
Lo temperature distribution in the hall appears to be uniform
3§§§§§ . I . at about 302K (29°C). The temperature in the kitchen also
appears to be uniform at about 303K (30°C). There are no
Fig. 10 Temperature (in Kelvin) distribution in the house more high temperature spots on the front wall when the fan
when it is naturally ventilated. is turned on. The temperature distribution on the back wall
and front side of the stack is also uniform at about 303K
4.2 CFD Simulation on Naturally Ventilated (30°C).
House with Ceiling Fan
Next, we performed similar CFD simulation on the second
model of the house, which represents the naturally
ventilated house with the ceiling fan turned on. The goal is
to investigate the effects of the ceiling fan on the air
1JCSI
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Fig. 12 Temperature (in Kelvin) distribution in the house
when the ceiling fan was turned on.

The above observation shows that when the ceiling fan was
turned on, vortex and swirling air flow conditions were
created in the hall area. The fan also increases the air flow
velocity everywhere else inside the house. But the air
velocity is much higher than the level specified by
ASHRAE standard [1] which could cause discomfort to the
occupants. However, the ceiling fan does help to make the
temperature distribution in the house to become more
uniform, particularly in the hall section.

4.3 CFD Simulation on Naturally Ventilated
House with Ceiling and Extractor Fans

Finally we perform CFD simulation on the third model of

the house. This model represents the naturally ventilated o
house furnished with a ceiling fan and two extractor fans 3%‘%
which are installed on the front and back wall, near the top i
of the doors. We anticipated that the extractor fans will 102
improve the air flow and circulation conditions inside the 1002
house, thus improving the temperature distribution. We e
prescribed the same boundary conditions as those for the joses
second model. In addition, we introduced extractor fans by e
prescribing little openings on the front and back walls, 3%
through which air at a pressure of 101 kPa and temperature Siaeie
of 29°C flows with a velocity of 1.4 m/s. g;‘,ﬁ; {
30GeH2 %

Figure 13 shows the distribution of air velocity inside the
house when the extractor fans were turned on along with
the ceiling fan. It can be observed that the extractor fan
installed on the front wall does not seem to have significant
effects on the flow condition and velocity of the air inside
the hall section. The amount of air and velocity of the air
blown by this fan are probably too small to have any
significant effects on the swirling flow condition of the air
created by the ceiling fan. Nevertheless the extractor fan
installed on the back wall appears to affect the air flow
condition in the stack and kitchen sections.

Fig.13 Distribution of air velocity inside the house when
the ceiling fan is used along with the extractor fans.

Figure 14 shows the distribution of air temperature inside
the house, on a plane 1.5 m above the floor. It can be seen
that the temperature distribution inside the hall section
remains uniform at about 302K (29°C) and appears to be
unaffected by the air blown by the extractor fan on the
front door. The temperature distribution on the front and
back wall appears to the more uniform with a couple of
high temperature spots occur near the corners of the house.
High temperature spot can also be seen at the bottom
corner of the stack. The front wall, back wall and stack
wall show higher temperature than the air inside the house
due to the heat gain from the surrounding.

Figure 14 Distribution of air temperature inside the house
when the ceiling fan is used along with the extractor fans.

The above finding suggests that the use of small extractor
fans installed on the front and back walls closed to the
door has almost negligible effects on the temperature
distribution in the house. The flow condition and velocity
of the air in the hall section are also unaffected by the
extractor fans. Both parameters are still outside the range
of thermal comfort level specified by ASHRAE [1].
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5. Conclusion tropical climates: Presentation of a numerical
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A thermal comfort study on a naturally ventilated single- ventilated living spaces in buildings using natural
storey terrace residential house was presented. Actual ventilation”, Energy and Buildings, Vol. 38, 2006,
measurements on the air temperature, relative humidity and pp.1093-1103.
air flow velocity show that the thermal comfort in the [8] N. Serra, and V. Semiao, “Comparing displacement
house is well outside the recommended limits specified by ventilation and mixing ventilation as HVAC
the ASHRAE standard. CFD simulations were conducted strategies through CFD”, Engineering Computation:
on the representative models of the house. Using this International Journal for Computer-Aided
method, we were able to observe the temperature Engineering and Software, Vol. 26, No. 8, 2009, pp.
distribution and air flow conditions inside the house when 950-971.
it was naturally ventilated. The use of a ceiling fan, [9] G.M. Stavrakakis, D.P. Karadimou, P.L. Zervas, H.
installed in the middle of the hall section and rotating at Sarimveis, N.C. Markatos, “Selection of window
150 RPM, produces a swirling flow of the air in the hall sizes for optimizing occupational comfort and
section. The distribution of air temperature becomes more hygiene based on computational fluid dynamics and
uniform almost everywhere inside the house. However, the neural networks”, Building and Environment, Vol.
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