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A B S T R A C T

Air-conditioning systems are employed to provide thermal comfort inside buildings. Therefore, several air-
conditioning and mechanical ventilation (ACMV) systems have been tested and applied in different climates.
Chilled beam systems are a new addition to it and have been in the application in Europe and North America
since last two decades. In the present study, comparative performance of active chilled beam (ACB) system with
conventional fan coil unit (FCU) system has been appraised in regards to thermal comfort for the tropical region
of Singapore. Experiments were carried out in a simulated office building with approximately 80% glazed area
under real environmental conditions. Room air temperature, air velocity, mean radiant temperature (MRT) and
relative humidity which are important thermal comfort parameters were measured in perimeter zone inside the
cells and assessed. It was perceived that the ACB system was providing acceptable thermal comfort as per the
standard of SS 554. General thermal comfort has been assessed based on an index of PMV-PPD model and
graphical method. With regard to the local thermal discomfort: indices of air draught, vertical air temperature
difference (VATD) and radiant temperature asymmetry have also been evaluated. The entrance of solar radiation
through window façade may have a significant impact on the asymmetry of the radiant field and can enhance
thermal discomfort of the occupants. Therefore, in the study radiant temperature asymmetry has been calculated
extensively. The results show that ACB system yields satisfactory thermal environment as per ISO 7730 standard
and sometimes performs even better than conventional FCU system.

1. Introduction

Air-conditioning and mechanical ventilation (ACMV) systems up-
hold a comfortable and healthy environment inside buildings. A recent
addition to the several ACMV systems available in the market, chilled
beam technology is gaining popularity due to its positive outcomes
concerning energy conservation, thermal comfort and reduced cost.
Since the last two decades, chilled beams are widely used in Europe and
North America [1–3].

An Active Chilled Beam (ACB) receives pre-treated (primary) air
through the air handling unit (AHU) and chilled water (CHW) flow into

the cooling coil within the terminal unit mounted on the ceiling. The
schematic of an ACB terminal unit is represented in Fig. 1 to understand
its working principle. The primary air is injected through a series of
nozzles within the beam to condition the room air. Because of low local
static pressure region created near the nozzle outlet, the room air rises
upwards. The secondary (induced) air takes away the sensible load of
the conditioned zone while passing over the cooling coils. It then mixes
with the primary air in the mixing chamber, and this mixed air then
discharges back through the slots to the zone. The ACB terminal units
mounted on the ceiling maintain a sufficient discharge velocity to en-
sure a well-mixed room air distribution. The primary air is responsible
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for the removal of the latent heat load.
In literature, the authors have validated the performance of the ACB

system [4,5]. Filipsson et al. [6] developed a numerical model of the
ACB system to compute its cooling capacities. The model distinctly
includes the effect of buoyant forces acting on the cooling coil in the
beam. The model was calibrated with measured data and showed good
agreement in a broad range of working conditions.

In terms of energy-savings, ACB systems can achieve savings of up
to 20–30% related to traditional air conditioning systems, depending
upon different locations [7–9]. Betz et al. [10] reported the issues
emerging while modeling the ACB system using various simulation
tools. It was asserted that factors like induction ratio, manifold chilled
water loops, humidity regulation and ACMV system configurations
should be taken into consideration while doing simulations to attain
accurate results. It was suggested by Stein and Taylor [11] that the ACB
system designed for low supply air discharge rate along with inter-
mediate CHW temperature, results in improvement in its energy per-
formance compared to variable airflow with reheat systems. Authors
also argued that the ACB system performs well under high sensible
load.

Kosonen and Tan [12] conducted an experimental study to explore
the usefulness of the ACB system in hot and humid climate. It was
shown that condensation in the beam system could be prevented when
infiltration is low, and supply air discharge is ample to remove hu-
midity caused by occupants. Loudermilk and Alexander [13] suggested
that chilled beams can be better alternatives compared to air-water
distribution systems when it comes to humidity controls. It was also
concluded that humidity and condensation risk could be overcome
using chilled beams in a humid climate.

Invariable temperature, ample rainfall and high humidity all over
the year are the main characteristics of tropical climate [14]. In Sin-
gapore, which is located near the equator, the diurnal limit of tem-
perature lies between 25 °C and 33 °C. The diurnal range of relative
humidity (RH) range is around 60% in the middle of the afternoon and
could be as high as 90% in the early morning. The typical dew point
temperature is near 24 °C, and the absolute humidity is 19.5 g/kg in the
daytime and 18.5 g/kg in nights all over the year [12,15]. Cooling and
dehumidification is a challenge in the tropical climate. For this reason,
it is essential to maintain the RH together with room temperature.

In the view of thermal comfort, it has been reported that similar or
better thermal environment can be produced by the ACB system, re-
lated to the other conventional air-conditioning systems [7]. Authors
have assessed general thermal comfort in perspective of comfort in-
dicator like predicted mean vote (PMV) and; it has been found that it
can assure satisfactory thermal environment. However, in addition to
general thermal comfort, it is also essential to assess local thermal
discomfort, in terms of air draught, vertical air temperature difference
(VATD), etc. [16,17].

Zboril et al. [18] conducted an experimental study in a test-bed
facility consisting of multiple chilled beams under induced airflow rates
and varied heat loads and investigated the draught rate and VATD. The
result indicated that the draught rate was below 20% and VATD was
below 3 °C for all test conditions, which conforms to the thermal
comfort criteria. Koskela et al. [19,20] carried out an experimental
study with test-bed facility exposed in a real environment and multiple
numbers of ACBs. In the study, tests were carried out with varied
cooling loads replicating summer, spring/autumn and winter condi-
tions, and for which airflow patterns and mean airspeeds were in-
vestigated. The results showed that the internal cooling loads could
impact the airflow patterns and draught possibilities.

In order to investigate the consistency of the thermal environment
produced by the ACB system, a test-bed facility was developed by Rhee
et al. [21]. A comparative study was made between traditional air-
conditioning systems and the ACB system. The performance indices of
air diffusion parameter index (ADPI), air velocity, and VATD were
adopted in order to study the consistency in thermal environment of the
ACB system. The results indicated that uniform thermal environment
could be produced by the ACB system with low air discharge rate
through AHU compared to traditional systems.

The present study has been carried out in the tropical region of
Singapore. The objective of this study is to evaluate thermal comfort
characteristics of the ACB system and compare it with a conventional
FCU system. Experiments have been conducted using a test-bed facility,
representative of an office building with about 80% glazed area, ex-
posed to real outdoor conditions. In order to assess general thermal
comfort, indices of predicted mean vote – people percentage dissatisfied
(PMV-PPD) and graphical method have been used. The indices of air
draught, VATD along with radiant temperature asymmetry have been
adopted to evaluate local thermal comfort. The impact of solar radia-
tion on radiant temperature asymmetry has also been assessed ex-
tensively to study their influences on indoor thermal comfort.

2. Experimental set-up

In order to assess the thermal comfort criteria of ACB system com-
pared with the conventional FCU system, each of these systems was
installed in two cells of the test-bed of BCA SkyLab, Singapore.
Conventional FCU and ACB system were employed in the reference and
test cell, respectively. The schematic of the test-bed facility is presented
in Fig. 2. Both cells are a replica of each other, and their dimensions are
8.41m (L)× 5.54m (W)×3.47m (H) up to the ceiling. The orienta-
tion of the cells can be changed as the test-bed facility is constructed
over a rotating platform.

The supply and return air schematic of the conventional FCU and
ACB systems are depicted in Figs. 3 and 4, respectively. The conventional
FCU system employed an AC-motor FCU to provide air-conditioning in

Fig. 1. Schematic diagram of an ACB terminal unit.
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