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Abstract

In the present research, an investigation of the UFAD system for thermal comfort has been conducted in a high-rise build-
ing located in the tropics. The indoor air conditions including temperature, relative humidity, air velocity, and mean radiant
temperature have been obtained by conducting the fieldwork while the clothing insulation value and the metabolic rate of
the occupants have been obtained by observing the occupants, where these data were used to obtain the predicted mean vote
(PMV) and the predicted percentage dissatisfied (PPD) of the examined areas. In addition, the effects of the airflow pattern
in the indoor thermal comfort have been investigated, where two different types of diffusers have been compared in order to
find out which diffuser can provide a better thermal comfort to the occupants. The FIoEFD simulation software is used to
simulate the airflow pattern of these diffusers and to analyze the indoor air conditions of the UFAD system and also to exam-
ine the local mean age value. Based on the results obtained, the average PMV is approximately — 1.5 for each examined area,
where a proper design of heating, ventilation, and air-conditioning system in a hot and humid country, the PMV result should
be approximately equal to — 1. As for the PPD, the range of the PPD obtained falls in between 27.4 and 67.5%, in which it
indicates that about more than half of the occupants have dissatisfied with the indoor conditions in the examined building.

Keywords UFAD - Thermal comfort - PMV - PPD - Airflow pattern - FloEFD

Abbreviations 1 Introduction

AHU Air handling unit

FVM  Finite volume method People nowadays spend most of their time in the indoor, and
HVAC Heating, ventilating and air-conditioning hence, the indoor thermal comfort has become important.
IAQ Indoor air quality This is because thermal discomfort (occupants feel too cold
LMA Local mean age or too hot) can lead the occupant to lose their focus, which,
MRT  Mean radiant temperature in turn, can reduce their productivity and performance of
OHAD Overhead air distribution their work [1, 2]. The four major environmental components
PMV Predicted mean vote which can affect the indoor thermal comfort are the air tem-
PPD Predicted percentages dissatisfied perature, relative humidity, air velocity (airflow rate), and
UFAD  Underfloor air distribution the mean radiant temperature [2]. For example, in the condi-

tioned indoor, a low relative humidity can cause overcooling
while a high humidity can encourage the growth of mold,
fungi, and the procreation of mites and bacteria, which can
eventually lead to health problems [3-5]. Besides, while the

= gh;u‘g;lme dumy low air speed is defined as airless, in high speed, it is felt as
windy and uncomfortable [2].

! Department of Mechanical Engineering, University The indoor thermal comfort can be improved by the use

of Malaya, 50603 Kuala Lumpur, Malaysia of the ventilation in the building. An underfloor air distri-

2 UM-Daikin Laboratory, Faculty of Engineering, University bution (UFAD) system as shown in Fig. 1 is a mechanical

of Malaya, 50603 Kuala Lumpur, Malaysia ventilation system that uses the space in between the floor

3 Faculty of Science, Technology, Engineering slab and the raised access floor to deliver conditioned air

and Mathematics (Mechanical Engineering Division), INTI

. S S ) to the occupied zone directly from the underfloor by using
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Springer


http://orcid.org/0000-0002-4942-3640
http://crossmark.crossref.org/dialog/?doi=10.1007/s13369-019-04184-z&domain=pdf

892

Arabian Journal for Science and Engineering (2020) 45:891-908

Return air
supply

Fresh air duct

v

e

—

 — —

A

M

=

N2

Pl
=

Air filter

D

Cooling coil

L~

1’7 < <
=>4 ~

|<_ T3
1

2A

1
l:l;tonsz Cross fan Concentric Fresh air
rectangular blower circle difusser I
outdoor R

Fig.1 Schematic diagram of UFAD systems at the internal office spaces redrawn and modified based on Ref. [26]

the floor diffusers [6—8]. This system is designed to provide
a thermally comfortable environment as well as air free of
contaminants. The concept of air distribution in the UFAD
system is different from the other conventional ventilation
systems, where this system reduces the supply airflow rate
under the floor and causes the air in the upper zone (near
the ceiling) to have a higher temperature compared to the
supply air outlet at the underfloor [9]. In the conditioned
indoor, thermal plumes generated by the heat sources make
the conditioned air absorb the heat and humidity. With the
ability of this system to lower the supply airflow rate under
the floor, the heated air and also air contaminants will move
to the upper zone, causing the air in the occupied zone to
become cool and fresh [9, 10].

Compared to overhead air distribution (OHAD) system,
UFAD system has its own unique features such as a stratified
environment and a connection to personal environment con-
trol [8, 11]. Customers during the past decades have shifted
their focus to this innovative design due to its advantages
over an OHAD system from optimized thermal comfort and
architectural flexibility to improve indoor air quality (IAQ)
and energy efficiency [8, 12, 13]. The advantage of the
UFAD system is its suitability for the development of intel-
ligent buildings, which require a more fresh, effective and
comfortable indoor environment [13]. However, the appli-
cation of the UFAD system is obstructed by the gap in the
fundamental understanding of these technologies, where an
improper design of the UFAD system can lead to a hazard-
ous situation, which causes various degrees of discomforts
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or illnesses. For example, Alajmi et al. [9] highlighted that
unnecessary supply air may degrade the performance of
a UFAD system, resulting in a poor predicted mean vote
(PMV) rating. Thus, it is important to study or analyze the
effectiveness of the UFAD system in terms of thermal com-
fort before using this system in the building.

However, literature review reveals that studies on ther-
mal comfort and air contaminant levels using local mean
age (LMA) value of an UFAD system in a high-rise build-
ing located in the tropics are rare, and therefore, the aim
of the current work is to investigate the thermal comfort
and air contaminant levels using LMA value in an office
space located in a high-rise building through objective field
measurements and computational fluid dynamics (CFD)
approaches.

2 Background Theory Relevant
to the Current Work

In the present work, a mathematical model developed and
published by Ho et al. [14] is applied to investigate the ther-
mal comfort and air contaminant levels in the examined
areas. These governing equations obtained from Ref. [14]
can be used to describe the fluid flow, heat and mass transfer
phenomena for a given space. In order to evaluate thermal
comfort and the removal of contaminants, the air veloc-
ity, temperature, airflow pattern and relative humidity are
needed to be identified. These can be determined by solving
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the system of governing equations for the conservation of
mass, momentum and energy. In the present research, the
steady-state incompressible flows of air have been taken into
consideration. The general governing equations applicable in
the present work can be found in the Ho et al.’s study [14].

2.1 Numerical Solution Procedures

In the present research, the governing equations and the
boundary conditions have been solved by using the finite
volume method (FVM). Note that FVM is a numerical anal-
ysis approach for obtaining solutions to a wide variety of
engineering problems. Because the engineering problems
have become more complex compared to the last decades, it
is necessary to find approximate numerical solutions to solve
the problems rather than using the exact solutions. In the
current research paper, the indoor air temperature may vary
in the examined areas so that it possesses an infinite number
of unknowns. By using the FVM, the computational domain
is discretized into many small elements, and by expressing
the unknown variables in the terms of assumed approximat-
ing functions within each element. At this stage, a computer
software FIoEFD is used to model the UFAD system and to
determine the behavior of the air contaminants using FVM
[14].

2.2 Comfort Metrics Relevant to the Present Study

One of the methods of assessing the thermal comfort is to
use the PMV and PPD [15]. The PMV is a parameter for
evaluating the average thermal sensation of a large group
of occupants based on the combination of four physical
variables (relative humidity, air temperature, mean radiant
temperature, and air velocity) and two personal variables
(metabolic rate and clothing insulation). However, PPD is
the mathematical function of the PMV used to describe the
expected percentage of people dissatisfied in a given thermal
environment [16]. In other words, the PMV and PPD are
measures of the likely responses of people regarding indoor
thermal comfort (whether it is too hot or too cold). For the
proper HVAC design in the seasonal countries, the PMV
result should be close to zero [15]. However, since Malaysia
is a hot and humid country, the PMV result should be close
to — 1 [17]. Besides, the PPD of less than 20% is good since
the consideration of satisfying 80% of occupants is at a sat-
isfactory level [15]. The details of the PMV and PPD can be
found in references [15, 18, 19].

The LMA represents how fast the fresh supply air can be
delivered to a specific point within the space [20, 21]. Gener-
ally, LMA can be defined as the average lifetime for fluid to
flow from the selected inlet to the selected reference point
by taking both the velocity and the diffusion into account.
The LMA values at the exhaust normally are expressed with

respect to the nominal time constant. In fact, the individual
LMAs (i.e., local mean age in second) at the exhaust indicate
the interval of the supply air residing in the space, where the
higher the value of the individual LMAs, the longer time the
supply air takes to reside in the space and in other words,
the longer time it takes to remove the air contaminants in the
indoor space. Besides that, the local mean age is decreased
as the total volume flow rate is increased [22].

Note that the gas concentration history at a location of
a space is recorded as a function of time and the LMA of
air is calculated from the quotient of the integral of the
concentration of the tracer gas and its initial concentration
at time #,. Hence, the LMA, T, is given by Eq. (1) [21]:

S Cdt
T = —=

= ey
Ct:t(}

where ¢ is the time and C,=t, is the initial tracer gas con-

centration at time #=7, (in cm® m™ of tracer gas). If the

space has a total volume of Vj, the tracer gas volume V; to

be released into the room is given as Eq. (2) [21]:

Vi = Cr:zﬂ * Vi )

3 Research Methodology

In the present research, the study is conducted on the 33rd,
34th and 35th floors of the high-rise building (name to
be kept anonymous) located in Kuala Lumpur, Malaysia.
As shown in Table 1, the examined areas for each floor
are divided into several zones, where these zones include
meeting room, office, and pantry.

Table 1 Examined areas

Floor Zone Area
All examined floors 1 Office
2 Office
3 Office
4 Office
5 Office
P Pantry
33rd floor (south side) M1 Meeting room

33rd floor (north side) M3 Meeting room
M4 Meeting room
34th floor (north side) M6 Meeting room
34th floor (south side) M7 Meeting room
M8 Meeting room
35th floor (south side) M9 Meeting room
MI10 Meeting room

Springer
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All of the floors in the examined building are conditioned
by chilled water system, and each floor is subjected by five
air handling units (AHUs), where these AHUSs are handling
fresh air and distributing it into the indoor space with the
help of the UFAD system. Note that the technical informa-
tion includes the specifications of the UFAD system and
as-built drawings of the examined floors are given by the
building’s operation and maintenance team.

The inspection of the target building is done to obtain
the data of the number of occupants and their activities, the
quantity of the equipment and their heat gain, and the quan-
tity and energy usage of the lighting. These data can be used
as the input (boundary condition) in the simulation, which
will be mentioned in Sect. 3.2. Note that the simulation is
only done in areas on the 34th north floor, where the simula-
tion result will be compared with the fieldwork result.

3.1 Fieldwork

In order to obtain the data of the PMV and PPD on each
examined area, the indoor air conditions including tem-
perature, relative humidity, velocity, and MRT as well as
clothing insulation value and metabolic rate of the occupants
must be known. By putting these data in the relevant PMV
and PPD formulas in Excel spreadsheet, the PMV and PPD
values will be calculated automatically.

The indoor air temperature, relative humidity, air velocity,
and MRT for the examined areas are measured and recorded
by using appropriate measuring devices that meet the ANSI/
ASHRAE Standard 55-2013 [18]. The clothing insulation
and the metabolic rate of the occupants are determined based
on the observation made in the examined areas, in which
occupants have worn light clothes and are sedentary.

A vapor test was conducted on 34th north floor in order to
analyze the effect of the airflow pattern of the UFAD system
on the indoor thermal comfort. In this test, two different
types of diffusers which were the normal circular diffuser
and the circular swirl diffuser were compared in order to find
out which diffuser could provide better thermal comfort to
the occupants. This test was done by observing the smoke
trails of these diffusers and then compared them with each
other. Note that the smoke was produced by the vapor meter.

3.2 Theory Relevant to the Uncertainty Analysis

A complete set of realistic approximated field data to rep-
resent the performance characteristics of the UFAD system
is needed in this research. For this purpose, the uncertainty
analysis of field data for each examined floor is performed
in order to examine whether or not the errors present in the
data obtained by the fieldwork are at a satisfactory level. The
bias uncertainty for each examined floor can be obtained by
using the following formula [23, 24]:
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R

zone(n) (3)

Bias Uncertainty ) = 2

where R, . is the range value (difference between the maxi-
mum value and minimum value) of the field data for the
examined zones for each floor and (n) is the floor number.
Note that the uncertainty obtained can be converted into the
percentage uncertainty [25]:

) Bias Uncertainty
Percentage Uncertainty,,, = — x 100

R

zone(n)

“
whereR, . is the average value of the field data for the
examined zones for each floor. By using the same concept
and equations as mentioned above, the uncertainty analysis
between the simulation results and fieldwork results also
can be done.

3.3 Simulation

In the present research, the examined areas in 34th north
floor including the meeting room, pantry and office are
modeled using the SolidWorks, where the dimensions of
these areas as shown in Table 2 are based on the floor blue-
print from the previous study [26]. After modeling using
the SolidWorks, these models are imported into FIoEFD in
order to simulate the UFAD system with the use of the circu-
lar swirl diffuser in terms of indoor air temperature, relative
humidity, air velocity, airflow pattern, and LMA of the air.
It is pertinent to mention that the simulation result will be
compared with the fieldwork results by using uncertainty
analysis.

In order to simulate the examined areas in terms of differ-
ent airflow patterns, two different types of diffusers which
are normal circular diffuser and circular swirl diffuser are
used in the present research. It is pertinent to mention that
some assumptions have been made during the simulation,
which are:

e All diffusers have the same ambient condition and the
volumetric flow rate.

e All windows are covered and the solar heat energy is
absent.

e The geometry of the floor is modeled as a cuboid.

Table 2 Dimensions of the examined areas

Area Width (m) Length (m) Height (m)
Meeting room 2 5 3

Pantry 7 13

Office 7 13
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e The circular swirl diffuser is represented by a circular fan.

This simulation can be done after setting the geometry
and the boundary conditions. The relevant data are set as
the boundary conditions as shown in Table 3. Note that the
information obtained regarding the number of occupants
and their heat gain, the quantity of the equipment and its
heat gain, and the quantity of light and its power usage in
each area is extracted from the design library of FIoEFD and
directly inserted into the model. The details of heat sources
in the examined areas are shown in Table 4.

3.4 Limitations

The present research is bounded by some limitations, which
could probably compromise its precision. The accuracy of
the data depends on the measurement skill of the researchers
and the accuracy of the relevant equipment. For example, the
equipment used for measuring the air velocity in the present
research might also not highly sensitive to the changes in the
indoor conditions, where this equipment loses its sensitivity
at air velocities less than 0.5 m/s, causing inaccurate results
[27]. Note that the hot wire anemometer was used to meas-
ure the air velocity in the present research.

For the simulation, the airflow rate of each diffuser is
obtained by dividing the average total volume flow rate
by the total number of diffusers. However, in a real-life
condition, the airflow rates for the diffusers are not con-
stant, depending on the performance of the diffuser itself.
Therefore, the simulation results might be inadequate.
Besides, in order to simplify the simulation, a series of

Table 3 Boundary conditions in the simulation

Table 4 Surface heat sources in the examined areas

Parameter Heatload Meet- Pantry room Office
per unit ing
or person  room
W)
Total number of occu- 85 (Seated 5 3 6
pants occupant)
Total number of comput- 100 2 3 20
ers
Total number of projec- 50 1 2 0
tors
Total number of ceiling 120 2 3 3
lights

assumptions have been made, namely the geometry of the
floor is modeled as a cuboid, all windows are covered and
the solar heat energy is absent. Thus, the simulation results
may have a slight difference with the fieldwork results.

4 Results and Discussion

The fieldwork results and their uncertainty analyses as well
as the vapor test in terms of the airflow pattern inspection
will be discussed first in Sect. 4.1, while the simulation
results will be elaborated later in Sect. 4.2. Since the simu-
lation is only done for the 34th north floor, the uncertainty
analysis between the simulation result and fieldwork result

Parameter

Meeting room Pantry room Office

Opening (doors)

Supply air temperature (°C)

Supply air relative humidity (%)

*Diffuser

Quantity

Dimension: diameter (m)

Volume flow rate (cfm) or (m®/s)

*Square exhaust

Quantity

Dimension: length X width (m)

Velocity (m/s)

*Pressure exhaust (square exhaust and front wall)
Quantity Square exhaust
Front wall
Static pressure: front wall (pa)

Environmental pressure: square exhaust (pa)

Pressure driven Pressure driven Pressure driven

22 22 22
70 70 70
3 6 12
0.34 0.34 0.34

395.00 [0.19] 395.00 [0.19] 395.00 [0.19]

2 5 5
0.4x0.4 0.4x0.4 0.4x0.4
0.5 0.5 0.5

1 1 1

1 1 0
101,325 101,325 0
101,325 101,325 101,325

*For both normal circular diffuser and circular swirl diffuser

ﬂj @ Springer
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is performed for the 34th north floor only. This will be
discussed in Sect. 4.3.

4.1 Fieldwork

In the present research, the fieldwork was conducted on
the 33rd, 34th and 35th floors. However, as for the vapor
test, it was conducted only on the 34th north floor, where
the test was done by inspecting the smoke trails produced
by the diffuser of the UFAD system.

4.1.1 Fieldwork Results

Based on Table 5, the PMV and PPD results have been com-
puted; they indicated that the range of PPD falls in between
27.4 and 67.5%, while the average PMV is approximately
— 1.5 for each examined area as shown in Tables 5. The
results obtained clearly show that the occupants perceived
the examined areas to be too cool. For a proper design of the
HVAC system in a seasonal country, the PMV result should
be approximately equal to 0. However, since Malaysia is
a hot and humid country, the PMV result should be close
to — 1. The obtained PPD result indicates that about more
than half of the occupants have dissatisfied with the indoor
conditions in the examined building. This is because the
obtained average indoor air temperature, relative humidity,
and air velocity have not met the requirements of the Malay-
sia Standard [28].

The average indoor air temperature and relative humidity
are in the ranges of 21.0-23.4 °C and 61.5-72.3%, respec-
tively. However, Malaysia Standard MS 1625:2014 [28] has
recommended that the limit of indoor relative humidity is
between 50 and 70%, while the indoor air temperature is
between 23 and 26 °C. Thus, the result of indoor air tem-
perature is considered reasonable, although the minimum
indoor temperature is slightly lower than the recommended
limit, while the maximum indoor temperature is in the range
of the recommended limit. As for the indoor relative humid-
ity, the maximum value is above the recommended limit.
Furthermore, most of the indoor air velocities, for each
examined area, are below the recommended limit required
by Malaysia Standard MS 1625:2014 [28]. The recom-
mended limit is in the range of 0.15-0.5 m/s for buildings
in the tropics, while the obtained indoor air velocity is in the
range of 0.01-0.12 m/s. The result indicates that the ventila-
tion rate is clearly inadequate and the occupants might feel
uncomfortable in the workplace.

The MRT for all examined areas is generally at 23.3 °C,
where it clearly shows that the MRT is constant at all exam-
ined areas and is in good agreement with the average air
temperature. Note that the MRT is assumed to be equal to
the average air temperature based on the assumption that
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surrounding indoor surfaces have uniform temperatures and
radiation heat fluxes [29].

4.1.2 Uncertainty Analysis of Fieldwork Results

As shown in Table 6, the percentage uncertainties for the aver-
age air velocity, PMV, and PPD are too high, which clearly
show that some errors occur in these field data. The percent-
age uncertainties for the PMV and PPD are in the ranges of
3.97-25.00% and 6.68-39.76%, respectively; these results
suggested that nonuniform indoor temperature and relative
humidity distributions are present during the fieldwork.

In reality, the outdoor temperature varies for every hour,
where this variation may have the impact either directly or
indirectly on the indoor relative humidity distribution. Fur-
thermore, the poor performance of the existing diffusers used
in the UFAD system in the aspect of carrying out or removing
the latent heat load created by the occupants and the sensible
heat load generated by the equipment in the examined areas
may cause the uneven cooling and the uneven air distribution.

In addition, the percentage uncertainty of the average air
velocity is in the range of 34—100% due to the use of differ-
ent numbers of diffusers for every examined area. Besides,
the equipment used to measure the air velocity may not be
highly sensitive to the changes in the indoor conditions as
mentioned in Sect. 3.4, causing an inaccurate measurement.

However, the percentage uncertainties for the PMV and
PPD in the 33rd Floor (north side) and 34th floor (north
side) are much lower compared to the other zones due to
the better mixing and an even air distribution in these zones.
Besides, the percentage uncertainty for MRT is zero due to
the reason that the MRT is almost constant at 23.3 °C.

4.1.3 Vapor Test Result (The Airflow Pattern Inspection)

Table 7 shows the result of the vapor test between the circular
swirl diffuser and the normal circular diffuser. As observed,
the circular swirl diffuser allows a better mixing of air, as the
smoke trails form a vortex-type structure in the air. On the
other hand, the smoke trails of the normal circular diffuser
directly go up without much distribution. As the normal circu-
lar diffuser does not distribute the air evenly into the occupied
space, there may be a risk of air stagnancy and infection [30].

4.2 Simulation Results

In the present research, the simulation process was done
in the examined areas on 34th north floor in terms of air-
flow pattern as well as the indoor air temperature, relative
humidity, air velocity, and LMA of the air. The details of the
results will be elaborated in the next few subsections.
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Table 5 Fieldwork results (thermal sensation data)
Zone Average air tem-  Mean radiant tem-  Average air Average relative Clothing (clo) Metabolic PMV PPD
perature (°C) perature (°C) velocity (m/s) humidity (%) rate (met)
33rd floor (north side)
1 21.7 23.3 0.04 62.5 0.45 1 —-1.45 48.3
2 22.1 233 0.04 62.5 0.45 1 -1.34 42.8
3 22.0 233 0.06 62.6 0.45 1 -1.37 44.0
4 22.0 233 0.04 63.0 0.45 1 -1.36 43.8
5 22.1 233 0.03 63.2 0.45 1 -1.36 43.4
P 21.8 233 0.09 62.7 0.45 1 -1.42 46.9
M3 21.8 233 0.02 61.5 0.45 1 —-143 474
M4 22.1 233 0.01 65.0 0.45 1 —-1.34 423
33rd floor (south side)
1 21.9 233 0.02 65.5 0.45 1 -1.38 44.6
2 21.8 23.3 0.03 65.0 0.45 1 —1.40 45.6
3 21.8 23.3 0.04 64.1 0.45 1 —-1.41 46.0
4 21.9 23.3 0.03 64.0 0.45 1 -1.37 443
5 223 23.3 0.07 65.2 0.45 1 -1.29 40.1
P 22.4 23.3 0.05 65.4 0.45 1 -1.26 384
Ml 22.7 233 0.02 65.8 0.45 1 -1.19 34.7
34th floor (north side)
1 21.7 233 0.01 67.7 0.45 1 -1.40 45.9
2 219 233 0.05 66.1 0.45 1 -1.38 44.8
3 21.7 233 0.04 65.8 0.45 1 —-143 47.1
4 21.5 233 0.04 65.6 0.45 1 —1.48 50.2
5 21.3 233 0.03 65.9 0.45 1 -1.52 52.2
P 214 233 0.09 65.2 0.45 1 —1.49 50.8
M6 22.1 233 0.01 69.7 0.45 1 -1.30 40.6
34th floor (south side)
1 224 233 0.05 68.0 0.45 1 -1.25 37.9
2 21.8 233 0.06 68.3 0.45 1 —-1.38 449
3 222 233 0.05 66.7 0.45 1 —1.31 40.8
4 21.5 23.3 0.03 67.1 0.45 1 —-147 49.2
5 21.0 23.3 0.05 66.4 0.45 1 -1.59 56.0
P 20.1 23.3 0.07 68.3 0.45 1 —1.81 67.5
M7 20.7 23.3 0.12 72.3 0.45 1 —1.66 60.0
M8 21.4 23.3 0.01 71.2 0.45 1 —1.46 49.0
35th floor (south side)
1 23.4 233 0.04 65.0 0.45 1 —1.03 27.4
2 23.0 233 0.04 64.1 0.45 1 -1.14 323
3 223 233 0.06 63.8 0.45 1 -1.29 39.8
4 21.5 233 0.07 65.6 0.45 1 —1.48 49.8
5 21.0 233 0.05 66.3 0.45 1 —1.58 55.6
P 20.4 233 0.08 68.8 0.45 1 -1.72 63.1
M9 214 233 0.05 68.1 0.45 1 —1.48 50.2
M10 22.1 233 0.08 69.9 0.45 1 -1.31 40.9

4.2.1 Simulation of the Airflow Pattern

Figures 2 and 3 show the 3D streamlines for the circular
swirl diffuser and normal circular diffuser, respectively, in

the meeting room. Note that the simulation of the airflow
pattern as shown in these figures also acts as the repre-
sentative of the simulation airflow pattern from other areas.
As shown in these figures, the streamlines begin at nine
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Table 6 Uncertainty analysis of

. Area Average air MRT Average air  Average relative PMV PPD
fieldwork results for different temperature velocity humidity
areas
Bias uncertainty
33rd floor (north side) 0.2 0 0.04 1.75 0.05 3
33rd floor (south side) 0.45 0 0.03 0.90 0.11 5.65
34th floor (north side) 0.40 0 0.04 2.25 0.11 5.80
34th floor (south side) 1.15 0 0.06 2.95 0.28 14.80
35th floor (south side) 1.50 0 0.02 3.05 0.35 17.85
Average value 0.74 0 0.04 2.18 0.18 9.42
Percentage uncertainty (%)
33rd floor (north side) 0.91 0 96.97 2.78 3.97 6.68
33rd floor (south side) 2.03 0 67.31 1.38 8.28 13.47
34th floor (north side) 1.85 0 103.70 3.38 7.70 12.24
34th floor (south side) 5.38 0 100.00 4.30 18.78 29.21
35th floor (south side) 6.85 0 34.04 4.59 25.02 39.77
Average value 3.40 0 80.40 3.28 12.75 20.27

different starting points on the surface of the diffuser. The
streamlines’ colors represent the air speeds.

It can be observed from Fig. 2 that the equitable distribu-
tion of air can be found in most parts of the meeting room,
and the air distribution is in the vortex-type airflow pattern.
Based on the result, it has been shown that the air discharged
from this circular swirl floor diffuser allows rapid mixing
of the indoor air in the meeting room, and the air goes up
smoothly. While going up to a certain level, the supply
air will lose speed and spread wider. As the driving force
depletes, it will easily be influenced by the pressure at the
door region and the exhaust region. Because of the environ-
mental pressure at the door region, the airflows tend to flow
toward the door at an increasing speed. However, when the
door is in the closed condition, the air normally will tend to
flow toward the exhaust region. In addition, a small part of
the airflow is affected by the buoyancy effect in the warm
region closer to the occupants and office components.

Figure 3 shows the airflow pattern of the normal circular
diffuser, which indicates a poor performance in distributing
the air evenly to the indoor space. In fact, the air distribution
through this diffuser is directed into the meeting room like
a jet without proper infiltration and distribution. While the
air is going up to a certain height, the supply air will lose
speed and spread wider. As the driving force is exhausted, it
will easily be influenced by the higher pressure at the door
region. It is the same for the circular swirl diffuser, and a
small part of the airflow of the normal circular diffuser is
affected by the buoyancy effect in the warm region, which
is closer to the occupants or office components. However,
when compared with the circular swirl diffuser, the nor-
mal circular diffuser will cause air stagnancy created in the
higher region (near the ceiling), and therefore, it causes the
occupants to feel stuffy after long hours of working.

@ Springer

Based on the simulation result, it clearly shows that the
circular swirl-type diffuser is the most suitable one to be
used with the UFAD system due to the high efficiency in the
removal of air contaminants.

4.2.2 Simulation of the Meeting Room

Figures 4, 5, 6 and 7 show the simulation results in the
meeting room. Based on the indoor air temperature result
in Fig. 4, when the conditioned air is close to the heat loads,
the color of the temperature area varies from 22 °C to about
24 °C. On top of that, the temperature contour has shown
that a layer of stratification is formed in the meeting room
with the cool air below and the warm air above, which is
closer to the ceiling in the occupied zone.

As shown in Fig. 5, the relative humidity is relatively
high and almost exceeds 70% at maximum level. On aver-
age, it falls between 67 and 69%, while it drops to 63% near
the heat loads. This clearly shows that the existence of heat
loads will affect the relative humidity result. From Fig. 6,
a higher velocity is found at the door region because of the
airflow pattern influenced by the environment pressure at
the door part. In addition, it has shown that the underfloor
diffusers are able to distribute the air evenly to the meeting
room and have successfully removed the latent heat load,
which is generated by the occupants and the sensible heat
load emitted by the equipment used in this area. It is noted
that regions of low air velocities are found below the chairs
and the conference table because of the obstruction.

Figure 7 shows that LMA of air is higher around the
occupants in the range of 133-144 s in the meeting room. A
high LMA value indicates that the ventilation effectiveness
around the occupants at the meeting room is low and not
fresh, and also the concentration of the air contaminants is
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Table 7 Airflow patterns of Circular Swirl Diffuser Normal Circular Diffuser
the circular swirl and normal R i rxv._ R ‘ T WA |
circular diffusers p A

b
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Fig.3 Airflow pattern of the
normal circular diffuser
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Fig.4 Meeting room tem-
perature contour isometric view
plane aty=1m

Temperature [°C]

high. However, Han et al. [22] show that there is no fixed
reference for LMA values because they depend on the size
of the room and the number of diffusers.

4.2.3 Simulation of the Pantry
For the pantry, the temperatures in Fig. 8 are almost in the

same range as the meeting room, going from 22 °C to about
23.5 °C. The indoor air temperature difference is slightly

less than the meeting room because the number of diffusers
used in the pantry is twice the number of diffusers used in
the meeting room. It is the same for the meeting room, in
which the indoor air temperature in the pantry increases near
the heat loads. As shown in Fig. 9, the relative humidity in
the pantry is higher than the meeting room due to the fact
that the room temperatures in the pantry are lower than the
meeting room. However, it is similar to the meeting room,

Springer



902

Arabian Journal for Science and Engineering (2020) 45:891-908

Fig.5 Meeting room relative
humidity contour isometric
view plane at y=1m
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Fig.6 Meeting room air veloc-
ity contour isometric view plane
aty=1m

Velocity [m/s]

Cut Plot 1: contours

where the relative humidity in the pantry decreases near the
heat loads, which is from 69 to 65%.

The velocity profile in Fig. 10 shows a very nice cov-
erage of air on the left side of the pantry, which clearly
shows that the air is distributed evenly to the pantry and
successfully removes the latent heat load generated by
the occupants and the sensible heat load emitted by the
equipment used in this area. This result is also reflected
in the simulation result of the LMA as shown in Fig. 11.
The LMA on the left side is low, which is 13.5 s. This

Springer

is because the air velocities are higher near the diffusers
because the left side of the pantry is practically empty.
However, the ventilation on the right side is insufficient
as indicated by the LMA at 176 s, which suggests that the
air’s age is old.

4.2.4 Simulation of the Office Space

The indoor air temperature difference in the office space is
the least compared to the other areas as shown in Fig. 12.
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Fig.7 Meeting room LMA
contour isometric view plane at
y=1m
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Fig.8 Pantry temperature
contour isometric view plane at
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This is because the number of diffusers used in the office
space is more than the other areas. However, it is similar to
the other areas and the indoor air temperature in the office
increases near the heat loads. Based on Fig. 13, the rela-
tive humidity results are relatively high when compared
with the other areas, where the result is almost exceeded
the threshold of the Malaysia Standard’s upper limit of
70%. This is due to the fact that the room temperatures in
the office are the lowest among the other areas. Besides,

during the daily operation, the cooler air is kept on supply
by these 12 diffusers and makes the indoor environment
cooler than the meeting room and the moisture content
becomes higher. However, it is the same as other areas and
the relative humidity in the office decreases near the heat
loads, which is 70-60%.

As shown in Fig. 14, the air velocity in the office is
quite low when compared with other areas because there
are more furniture and devices in the office space. On the
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Fig.9 Pantry relative humidity
contour isometric view plane at
y=1m
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Fig. 10 Pantry air velocity

contour isometric view plane at
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average, the air velocity of the office falls in between 0 and
0.3 m/s. It is evident that from the LMA value at 150 s in
general in Fig. 15, the result has indicated that the space
has low ventilation effectiveness and the air is not fresh.

4.3 Uncertainty Analysis Between Simulation
and Fieldwork Results

From Table 8, the percentage uncertainties obtained for
most of the results are below 5%, which clearly show
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that the simulation result is fairly close to the fieldwork
result. However, the percentage uncertainties of the aver-
age velocity for every zone are quite high. These errors
may occur due to the limitations of the present research
as mentioned in Sect. 3.4 earlier.
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Fig. 11 Pantry LMA contour
isometric view plane at y=1m

175.872
162.344
148.815
+ 135.286
121.758
108.229
94.700
81.172
67.643
54.115
40.586
27.057
13.529

0
LMA [s]
Cut Plot 1: contours

Fig. 12 Office space tem-
perature contour isometric view
plane aty=1m
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5 Conclusions

The study of the UFAD system for thermal comfort has been
conducted successfully in a high-rise building located in the
tropics, where the examined areas were located in the 33rd,
34th, and 35th floors of the building. Based on the fieldwork
results, the PMV and PPD results have been computed and
have indicated that the range of PPD falls in between 27.4
and 67.5%, while the average PMV is approximately — 1.5
for each examined area. The results obtained clearly show
that the occupants have perceived the examined areas to be
too cool. The obtained PPD result indicates that about more

than half of the occupants are dissatisfied with the indoor
conditions in the examined building.

The obtained average indoor air temperature and relative
humidity are in the ranges of 21.0-23.4 °C and 61.5-72.3%,
respectively. As for the air velocity, the result obtained is in
the range of 0.01-0.12 m/s. In addition, the LMA obtained
from the simulation shows that most of the examined areas
have low ventilation effectiveness and hence the air is not
fresh. These results clearly show that the existing UFAD
system is unable to provide an adequate thermal comfort to
the occupants.

As for the airflow pattern, both simulation and vapor test
show that the circular swirl-type diffuser is the most suitable
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Fig. 13 Office space relative
humidity contour isometric
view plane at y=1m
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Fig. 14 Office space air velocity
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diffuser to be used with the UFAD system compared to the
normal circular diffuser. This is because, when compared
with the circular swirl diffuser, the normal circular diffuser
will cause an air stagnancy in the higher region (near the
ceiling), which eventually makes the occupants feel stuffy
after long hours of working.

In short, the data collected in the present work can be
used as an important guide for UFAD designs in the tropics.
From the vapor test assessment, the airflow pattern produced
by the underfloor swirl diffusers is distributed more evenly
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in the conference room compared to the underfloor normal
diffusers. The airflow patterns from the CFD simulations
also support the current assessment. It is recommended that
the system be modified to improve the air distribution with a
solution such as the installation of swirl diffusers with a cor-
rect air attack angle. It is also suggested that the air velocity
of the space be increased and the latent load be reduced to
enhance the comfort level in the space. Implementation of
these recommendations will certainly enhance the thermal
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Fig. 15 Office space LMA
contour isometric view plane at
y=1m
No title
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Table 8 Uncertainty analysis between the simulation and fieldwork
results

Zone Simulation Fieldwork Bias uncertainty Percentage
uncertainty
(%)

Average air temperature (°C)

1 2221 21.70 0.26 1.16

2 22.20 21.90 0.15 0.68

3 22.20 21.70 0.25 1.14

4 22.21 21.50 0.36 1.62

P 22.00 21.40 0.30 1.38

M6 22.34 22.10 0.12 0.54

MRT (°C)

1 23.30 23.30 0 0

2 23.30 23.30 0 0

3 23.30 23.30 0 0

4 23.30 23.30 0 0

P 23.30 23.30 0 0

M6 23.30 23.30 0 0

Average air velocity (m/s)

1 0.13 0.01 0.06 85.40

2 0.16 0.05 0.06 52.38

3 0.16 0.04 0.06 60.00

4 0.13 0.04 0.04 52.10

P 0.04 0.09 0.03 42.86

M6 0.03 0.01 0.01 51.22

Average relative humidity (%)

1 68.52 67.70 0.41 0.60

2 68.41 66.10 1.16 1.72

3 68.41 65.80 1.31 1.94

4 68.52 65.60 1.46 2.18

P 69.93 65.20 2.37 3.50

M6 68.60 69.70 0.55 0.80

comfort conditions and minimize the amount of contami-
nants in the office space.

Despite some limitations, the present research has given
a significant new insight. The findings illustrate the sig-
nificance of air stagnancy in the occupants’ zone, and the
LMA values are high in these areas. The future study of
the current subject is recommended in order to achieve
more accurate results using high-sensitivity devices such
as the laser Doppler velocimeter.

Acknowledgements The authors would like to acknowledge the partial
financial assistance from the Daikin Fellowship Grant PV018-2016
for supporting the research work conducted at UM-Daikin Labora-
tory, University of Malaya. Thanks are extended to INTI International
University for providing the internal research grant for the first and
second co-authors to conduct the research work in HVAC&R Lab at
the Department of Mechanical Engineering, University of Malaya.
In addition, special thanks are extended to University of Malaya for
providing partial RU Grants GPFO04A-2018 and IIRG014A-2019 for
the first author to conduct the research work at University of Malaya.

Compliance with Ethical Standards

Conflict of interest The authors declared no potential conflicts of inter-
est with respect to the research, authorship, and/or publication of this
article.

References

1. Safarova, S.; Halawa, E.; Campbell, A.; Law, L.; Hoof, J.V.: Path-
ways for optimal provision of thermal comfort and sustainability
of residential housing in hot and humid tropics of australia—a criti-
cal review. Indoor Built Environ 0(0), 1-19 (2017)

@ Springer



908 Arabian Journal for Science and Engineering (2020) 45:891-908
2. Ozdamar, M.; Umarogullari, F.: Thermal comfort and indoor air 17. Pau,J.S.; William, K.S.P.; Kee, K.K.: A modified Fanger’s model
quality. Int. J. Sci. Res. Innov. Technol. 5(3), 90-109 (2018) for Malaysia climate. In: ENCON 2013, 6th Engineering Con-

3. Davis, R.E.; McGregor, G.R.; Enfield, K.B.: Humidity: a review ference, Energy and Environment, Kuching, Sarawak, Malaysia
and primer on atmospheric moisture and human health. Environ. (2013)

Res. 144, 106-116 (2016) 18. ASHRAE: ANSI/ASHRAE Standard 55-2013: Thermal Envi-

4. Ahrentzen, S.; Erickson, J.; Fonseca, E.: Thermal and health ronmental Conditions for Human Occupancy. ASHRAE, Atlanta
outcomes of energy efficiency retrofits of homes of older adults. (2013)

Indoor Air 26(4), 582-593 (2016) 19. Yau, Y.H.; Chew, B.T.: Thermal comfort study of hospital workers

5. Angelon-Gaetz, K.A.; Richardson, D.B.; Lipton, D.M.; Marshall, in Malaysia. Indoor Air 19(6), 500-510 (2009)

S.W.; Lamb, B.; LoFrese, T.: The effects of building—related fac- 20. Han, H.; Shin, C.-Y.; Lee, I.-B.; Kwon, K.-S.: A study on local
tors on classroom relative humidity among north Carolina schools mean ages of air in a livestock with multiple supply inlets. In:
participating in the “free to breathe, free to teach” study. Indoor CLIMA 2010, Antalya, Turkey (2010)

Air 25(6), 620-630 (2015) 21. Buratti, C.; Mariani, R.; Moretti, E.: Mean age of air in a natu-

6. Li, R.; Sekhar, S.C.; Melikov, A.K.: Thermal comfort and IAQ rally ventilated office: experimental data and simulations. Energy
assessment of under-floor air distribution system integrated with Build. 48(8), 2021-2027 (2011)
personalized ventilation in hot and humid climate. Build. Environ. 22. Han, H.; Shin, C.-Y,; Lee, I.-B.; Kwon, K.-S.: Tracer gas experi-
45(9), 1906-1913 (2010) ment for local mean ages of air from individual supply inlets in

7. Loudermilk, K.J.: Underfloor air distribution solutions for open a space with multiple inlets. Build. Environ. 46(12), 2462-2471
office applications. ASHRAE Trans. 105(1), 1-9 (1999) (2011)

8. Kim, G.; Schaefer, L.; Lim, T.S.; Kim, J.T.: Thermal comfort pre- 23. Johnson, A.B.; Simonson, C.J.; Besant, R.-W.: Uncertainty Analy-
diction of an underfloor air distribution system in a large indoor sis in Testing of Air-to-Air Heat/Energy Exchangers Installed in
environment. Energy Build. 64, 323-331 (2013) Buildings. American Society of Heating, Refrigerating and Air-

9. Alajmi, A.F.; Abou-Ziyan, H.Z.; El-Amer, W.: Energy analysis Conditioning Engineers, Inc, United States (1998)
of under-floor air distribution (UFAD) system: an office building 24. Chhetri, K.B.: Computation of errors and their analysis on physics
case study. Energy Convers. Manag. 73, 78-85 (2013) experiments. Himal. Phys. 3, 78-86 (2012)

10. Lin, Z.; Chow, T.T.; Tsang, C.F.; Fong, K.F.; Chan, L.S.; Shum, 25. Department of Physics & Astronomy: Averaging, Errors and
W.S.; Tsai, L.: Effect of internal partitions on the performance of Uncertainty, in Lab Manual: Undergraduate Labs. University of
under floor air supply ventilation in a typical office environment. Pennsylvania, Pennsylvania (2015)

Build. Environ. 44(3), 534-545 (2009) 26. Yau, Y.H.: HVAC Systems and Thermal Environment Assess-

11. Sekhar, S.; Ching, C.: Indoor air quality and thermal comfort stud- ments for Unilever Sdn. Bhd. After Retrofitting (2014)
ies of an under-floor air-conditioning system in the tropics. Energy 27. Hashemian, H.M.; Hashemian, M.; Riggsbee, E.T.: New sensor
Build. 34(5), 431-444 (2002) for measurement of low air flow velocity: phase i final report. U.S.

12. Chung, J.D.; Hong, H.; Yoo, H.: Analysis on the impact of mean Nuclear Regulatory Commission Cross Park Drive Knoxville, TN
radiant temperature for the thermal comfort of underfloor air dis- 37923 (1995)
tribution systems. Energy Build. 42(12), 2353-2359 (2010) 28. Department of Standards Malaysia: MS 1525: Code of Practice

13. Zhang, K.; Zhang, X.; Li, S.; Jin, X.: Review of under floor air on Energy Efficiency and Use of Renewable Energy for Non-Res-
distribution technology. Energy Build. 85, 180-186 (2014) idential Buildings. Department of Standards Malaysia, Selangor

14. Ho, S.H.; Rosario, L.; Rahman, M.M.: Three-dimensional analy- (2014)
sis for hospital operating room thermal comfort and contaminant 29. Walikewitz, N.; Janicke, B.; Langner, M.; Meier, F.; Endlicher,
removal. Appl. Therm. Eng. 29(10), 2080-2092 (2009) W.: The difference between the mean radiant temperature and the

15. Ahmed, T.; Rahman, M.D.Z.: Performance investigation of build- air temperature within indoor environments: a case study during
ing ventilation system by calculating comfort criteria through summer conditions. Build. Environ. 84, 151-161 (2015)

HVAC simulation. J. Mech. Civil Eng. 3(6), 7-12 (2012) 30. Villafruela, J.M.; Castro, F.; José, J.F.S.; Saint-Martin, J.: Com-

16. Fanger, P.O.: Thermal Comfort Analysis and Applications in Envi- parison of air change efficiency, contaminant removal effective-

ronmental Engineering. McGraw Hill, New York (1970)

Springer

ness and infection risk as IAQ indices in isolation rooms. Energy
Build. 57, 210-219 (2013)



	The Study on Thermal Environment and Airflow Pattern in an UFAD System Under a Cooling Mode
	Abstract
	1 Introduction
	2 Background Theory Relevant to the Current Work
	2.1 Numerical Solution Procedures
	2.2 Comfort Metrics Relevant to the Present Study

	3 Research Methodology
	3.1 Fieldwork
	3.2 Theory Relevant to the Uncertainty Analysis
	3.3 Simulation
	3.4 Limitations

	4 Results and Discussion
	4.1 Fieldwork
	4.1.1 Fieldwork Results
	4.1.2 Uncertainty Analysis of Fieldwork Results
	4.1.3 Vapor Test Result (The Airflow Pattern Inspection)

	4.2 Simulation Results
	4.2.1 Simulation of the Airflow Pattern
	4.2.2 Simulation of the Meeting Room
	4.2.3 Simulation of the Pantry
	4.2.4 Simulation of the Office Space

	4.3 Uncertainty Analysis Between Simulation and Fieldwork Results

	5 Conclusions
	Acknowledgements 
	References




