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Abstract— Displacement ventilation is a low cost ventilation
technique used in distributing conditioned air in Heating,
Ventilation and Air Conditioning (HVAC) systems. This is a
ventilation strategy well suited to significantly reduce building
energy consumption in this age of high energy costs, global
warming and climate change. This is achieved through the
leveraging of natural buoyancy driven flow in the conditioned
space in a way that minimizes energy expenditure in supply and
extraction fans. In addition, the conditioned air is supplied at
higher temperature implying lower energy demand for cooling
units. The global legislative move towards greener buildings
demands the use of sustainable and energy efficient air
conditioning systems of which displacement ventilation makes a
major contribution. One of the challenges in using displacement
ventilation is the stratified temperature distribution in the
conditioned space. The temperature gradients between the ceiling
and the floor can lead to decreased comfort conditions. One
approach to overcome this problem is to use the chilled ceiling.
How does one size the chilled ceiling system in such cases? The
purpose of this paper is to present a detailed design analysis of a
displacement ventilation chamber that includes chilled ceiling.
The chamber utilizes an under floor air supply system into a
conditioned space configured to represent typical office space. The
construction and performance testing of the displacement
ventilation testing chamber is then reported in a subsequent paper.
Keywords— HVAC, Displacement ventilation, Chilled ceiling,
Design

I. INTRODUCTION
South Africa is currently experiencing a severe energy
supply crisis characterized by frequent load shedding spells. The
main challenge is low availability of base load plant which has
led the national utility to use gas turbines to cover base load
shortfalls. In addition, this problem arises from a period of
stagnation in new generation capacity growth and limited asset
maintenance. Current efforts to address this problem focus
mainly on generating capacity with minimal consideration of
demand side management technologies. There is need to address
the power consumption of such services as HVAC systems. For
example, commercial buildings consume a significant portion of
the total energy usage in any country. USA data shows that
HVAC systems consume about 50% of building energy
consumption [1]. This represents approximately 20% of national
energy consumption. In Europe building energy consumption is
reported to be 40% of the total energy requirement [2]. Luo,

Tang and Huang [3] report that air conditioning in commercial
buildings constitutes 30-50% of the cost of running buildings in
China. This picture is repeated in other parts of the world and
can be worse for tropical and sub-tropical regions. In South
Africa, Heating, Ventilation and Air Conditioning (HVAC),
accounts for 15% of the total energy consumption. Botha [4]
suggests that 30% of this consumption can be saved through
better management of air conditioning systems. In addition,
Chua, Chou, Yang and Yan [5] predict a global rise in building
energy consumption from the current average levels of 20% of
total energy use to levels around 40%. Cited reasons for this
growth are population growth, greater demand for building
services, the need for better comfort levels and longer duration
of time spent by occupants in buildings. Although climate
change is not mentioned, it is expected to be a major contributing
factor. Given this background, it is clear that reducing energy
consumption in HVAC systems will lead to better demand side
management of energy consumption patterns.
Displacement ventilation is an HVAC technology that has
been largely neglected in South Africa but has potential to
significantly reduce building energy consumption levels. Other
technologies that can be employed include renewable energy
assisted HVAC (e.g. using solar energy) [6], use of more
efficient HVAC components (e.g. compressors) [7], passive
cooling and cold storage using phase change materials (PCM)
[8]. Displacement ventilation is a ventilation technique in which
conditioned air is supplied to the conditioned space at a lower
velocity and higher temperature when compared to conventional
ventilation techniques. Lower supply velocity translates to lower
fan power and elevated supply temperatures imply lower power
consumption in the chiller. The conditioned air in DV is supplied
into the conditioned space at the lowest level possible and
exhausted at the highest level possible. This is usually done
using under floor air distribution (UFAD) systems [9]. As the
cool air comes into contact with heat sources such as human
bodies, computers etc., heat is transfer to the air which becomes
lighter. Due to buoyancy forces, the warm air rises forming a
thermal plume [10]. Thermal plumes formed in the conditioned
space are therefore the transport vehicles for the heat generated
in the space and also aid in removing contaminated air in order
to maintain required indoor air quality (IAQ). The warm
contaminated air at the ceiling level is exhausted through ceiling
mounted exhaust grilles.
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Despite the lower power consumption achieved using DV,
the resultant stratified vertical temperature distribution poses
serious challenges to thermal comfort. Investigations by
Webster, Bauman and Reese [11] have shown that the
temperature gradient between 0.1 and 1.7 m from the floor for
UFAD can be as high as 3.8o C depending on the air supply rate,
diffuser swirl and other parameters. The temperature difference
from head to foot for thermal comfort is specified in various
standards such as ASHRAE 55-2010 [12] to be 3o. Therefore if
thermal comfort conditions are violated, there is need to
implement strategies to reduce that temperature gradient. One of
the strategies that have been implemented in reducing the
thermal gradient in the conditioned space is the use of chilled
ceilings.
More work is therefore required to understand the procedure
and process of designing chilled ceiling systems especially for
direct expansion HVAC systems. Most available design
procedures have been developed for chilled water central
systems in which part of the chilled water is passed through
ceiling mounted panels. Unfortunately, this cannot be applied to
direct split systems where the chiller is serving only one room.
Can the same design approaches be used and how effective
would they be?
II. DESIGN SPECIFICATION
A. Aim of the Design
The purpose of this work is to design a chilled ceiling system
that can be retrofitted into an existing displacement ventilation
testing chamber. The testing chamber operates as a standalone
systems with direct expansion cooling in which the air is
supplied by an air handling unit through floor mounted supply
diffusers and exhaust through ceiling mounted exhaust grills.
B. System Description
The testing chamber into which the chilled ceiling would be
mounted is already available. Fig. 1 shows the configuration of
the chamber in isometric view.

wooden panels. Beneath the floor is a plenum 400 mm high. Air
is supplied to the plenum through an air handling unit. The air
then enters the room from the plenum through four 150 mm
diameter type FB Trox Technik floor mounted circular diffusers
as shown in Fig. 2 [13].

Fig. 2: Configuration of the testing chamber

The space simulations a typical office which can accommodate
two sitting people. Common office equipment such as computer,
printer and telephone should be accommodated. Other heat
sources include 4 by 36 W lights.
C. Technical Specifications
The key technical requirements for the design are;
1.

Target indoor conditions are: T = 22.5-26oC with a
relative humidity of 60%

2.

7.5 L/s per person desirable

3.

Reduce temperature gradients to within 3K from 0.1m
above floor level to 1.1 meters above floor level

4.

Provide the required cooling load

5.

Ensure the required indoor air quality is maintained

Air quality requirements should meet the specifications of
ASHRAE 55-2010 [12].
III. DETAIL DESIGN ANALYSIS
A. Description of Design Concept
The configuration of the selection concept for the design is
shown in Fig. 2. The HVAC system would consist of two
independent cooling units, one for ceiling cooling and the other
for conditioning the supply air. The system for conditioning
supply air is already installed which makes it easier to add a
separate ceiling cooling unit without affecting the existing
system.

(a)

(b)

Fig. 1: Configuration of the testing chamber

The room is located on the ground floor of mechanical
engineering workshop with a mezzanine floor above it. Three
walls are internal to the workshop while one external wall faces
south. The inside of the room has a length of 3.9 m, a width of
2.83 m and a height of 2.62 m (floor to ceiling). The room has a
single door on the eastern wall of dimensions 0.04 × 0.84 ×
1.97m and a single window on the southern wall of dimensions
1.94 × 1.80 m which is covered by a 3 mm thick glass. The door
has an undercut of 10 mm. The ceiling in the room is made of

Fig. 3: Configuration of design concept
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B. Cooling Load Determination
Cooling load calculations were conducted in accordance to
the ASHRAE Fundamentals of HVAC handbook. The rate of
heat transfer across the exterior walls into the conditioned space
is given by:
𝑞̇ 𝑤 = 𝑈 𝐴 (𝑇𝑎𝑑 − 𝑇𝑟 )

(1)

where U is the thermal conductance, A is the area through which
heat is flowing, Tad is the external temperature and Tr is the target
room temperature. The flow of the room is considered to be
adiabatic. Cooling load due to the supply air is estimated by:
𝑞̇ 𝑎𝑖𝑟 = 𝑉̇ 𝜌 𝐶𝑝 (𝑇𝑜 − 𝑇𝑟 )

(2)

where 𝑉̇ is the volumetric flow rate, ρ is the air density and Cp is
constant heat capacity and To is the air temperature as it enters
the cooler. For latent heat, the equation 3 was used.
𝑞̇ 𝑙𝑎𝑡

= 𝑉̇ 𝜌 ℎ𝑓𝑔 (𝜔𝑜 − 𝜔𝑟 )

(3)

where hfg is the latent heat of vaporization, ωo is the absolute
humidity of the air entering the cooler and ωr is the absolute
humidity in the conditioned space. In addition, internal loads
were estimated at 90 W per person, 144 W for the four florescent
light and 162 W for the office equipment.
The areas of the walls enclosing the space are given in Table
I.
TABLE I.

AREAS OF THE ENVELOP WALLS
Properties

Wall

Wall Area
(m2)

Window & Door
(m)

North

10.4

-

East

7.4

1.76 (door)

South

10.4

3.53 (window)

West

7.4

-

Ceiling

11.2

-

The thermal properties of the materials from which the walls
are made are given in Table II.
TABLE II.

WALL MATERIAL THERMAL PROPERTIES
Properties

Material

Thermal Resistance
(m2K/W)

Thickness
(m)

Gypsum Plaster

0.0934

0.015

Asbestos Board

0.0820

0.047

Cement Plaster

0.2000

0.01

Brick

0.1600

0.115

Glass

0.0042

0.004

0.0000586

0.003

Perlite Aggregate

0.0280

0.02

Air Space

0.1400

-

Zinc Sheathing

The summary of the cooling loads from the load estimate
analysis is given in Table III.
TABLE III.

SUMMARY OF COOLING LOADS

Source

Design Cooling Loads
(W)

External Wall & Window

240.62

Partition Walls

78.62

Ventilation & Infilatration

233.19

Internal Sources

574.58

Total

1127.01

The cooling load for the testing chamber is therefore
equivalent to 100 W/m2. For a flow are of 15 L/s, this translates
to P/Q = 75.13 kW/(m3/s). This is outside the recommendations
of Tan, Murata, Aoki and Kurabuchi [14] and hence the flow
rate (Q) needs to be adjusted to bring it compliance since cooling
load (P) is fixed for the design. For a volume of 29 m3 and
cooling load of 100 W/m2, Novoselac and Srebric [15]
recommends 0.04 m3/s which yields P/Q = 28.18 kW/(m3/s)
which is more acceptable. A large P/Q value would results in
high downdraft and higher mixing rate which negates the
benefits of buoyancy driven thermal plumes of removing
contaminants from the space.
C. Ceiling Cooling Load Estimation
The design of separate chilled ceiling for displacement
ventilation is more challenging than a combined ceiling
ceiling/displacement ventilation (CC/DV) system due to the
complex flow regimes involved. If more cooling loading is taken
by the ceiling, more down draft occurs leading to lower comfort
conditions. If less, then there temperature gradient may increase
leaving to the same result. The recommendations of Tan,
Murata, Aoki and Kurabuchi [14] are therefore crucial for an
effective solution.
Therefore, following the guidelines of Tan, Murata, Aoki
and Kurabuchi [14] and the procedure outlined by Novoselac
and Srebric [15], the ratio of the total cooling load extracted by
the DV system (R) works out to be 65% in order to meet the
temperature difference of 2.5o between the ankle and the head
(0.1 m to 1.1 m from the floor). Hence the cooling load to be
carried by the chilled ceiling is the balance which is 35% i.e.
395.45 W.
The target ceiling temperature is obtained from the charts of
Keblawi, Ghaddar, Ghali and Jensen [16]. For a DV supply
temperature of 20oC, the ceilings should be maintained at 15oC.
The current systems in the workshop is using R12 refrigerant
therefore this is selected for this system. Another alternative
approach is to select a system that is able to deliver the cooling
load of 395.45 W and modify it for retrofitting. In this case, the
copper tubing is redesigned to meet the required ceiling
geometry.
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D. Copper Tubing Design
The copper tube heat exchanger should extra 395.45 W. For
effective heat transfer between the refrigerant and the copper
ambient air, the refrigerant is set to evaporate at -3oC inside the
tube. This gives a saturation pressure of 178 kPa and hence a
latent heat of vaporization of 160.2 kJ/kg. The mass flow rate of
the refrigerant is then 0.00257 kg/s. For the selected unit, the
copper tube has an internal diameter of 0.011 m. Therefore the
velocity of flow is 0.05 m/s giving a Reynolds number of
2527.07 which is in the turbulent flow regime. The Nussult
number is then 18.2. For this the internal convective heat transfer
coefficient (hi) is 121.64 W/m2-K. For external heat transfer
coefficient (ho) the Prandtl number is 0.71 and the GrashofPrandtl number is obtained as 2022.24. This leads to ho = 16.3
W/m2-K for an outside tube diameter of 0.0127 m. The overall
heat transfer coefficient for is then h = 12.6 W/m2-K.
The heat transfer energy balance (eqn. 1) gives the heat
transfer area as 1.08 m2 and a corresponding tube length of 27
m. This is then arranged on the testing chamber ceiling as shown
in the model in Fig. 4. A full set of manufacturing drawings was
produced.
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