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ABSTRACT

In an office room, many factors affect the pattern of airflow, thermal comfort, indoor air quality and
energy saving. In this study, the effects of the location of exhaust diffusers where the warm and
contaminant air is extracted and their relation to room heat sources on thermal comfort and energy
saving were investigated numerically for an office served by a displacement ventilation system. The
indoor air quality in the breathing level and the inhaled zone were also evaluated. The contaminants
were released from window and door frames in order to simulate the contaminants coming from
outside. The amount of energy consumption and the indoor thermal environment for various exhaust
locations were investigated numerically using the computational fluid dynamics techniques. The
results showed that the thermal indoor environment, thermal comfort, quality of indoor air and energy
saving were greatly improved by combining the exhaust outlets with some of the room’s heat sources
such as ceiling lamps and external walls. In particular, a 25.0 % of energy saving was achieved by
combining the exhaust diffuser with room’s ceiling lamps. In addition, locating the exhaust diffuser
near the heat sources also reduced the cooling coil load by 13.8 %. The risk of a large difference in
temperature between the head and foot levels, increased particle concentration in the occupied zone,
as well as increased energy consumption was also clearly demonstrated when the exhaust and

recirculated air outlet (return opening) were combined in one unit in the occupied boundary area that



is located at 2m away from the occupants. Thus, for the optimum energy saving and better indoor

environment, the combination of the indoor heat sources with the exhaust outlet is necessary.

Key words: Energy saving, Thermal comfort, Indoor air quality, Displacement ventilation,

Contaminant removal
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DV

HVAC
IAQ
PMV
PPD
STRAD

Latin letters
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Fp
F,
Fo
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displacement ventilation
heating, ventilation and air
conditioning system
indoor air quality

predicted mean vote

predicted percentage of dissatisfied
stratified air distribution system

the mean particle concentration
(kg/m?3)

model constants in the term £ of
the turbulence model

the normalised concentration.
the contaminant concentration in a
specific region (kg/md)

the concentration at exhaust
(kg/m?3)

model constant of the turbulence
model

specific heat of air (J/(kg K)
particle diameter (m)

particle residence time

inverse of relaxation time(s™1)
force acting on particle (m/s?)
the Brownian force (m/s?)

the thermophoretic force (m/s?)
the Saffman’s lift forces (m/s?)

gravitational acceleration (m/s?)

trajectory index

cell index

turbulent kinetic energy per unit
mass (J/kg)

mass flow rate associated with
each trajectory (kg/s)

e

Py

Qcoil-STRAD
Qspace

Qvent

Qcoil—mv

S

Greek letters

B

€
A

i
3

p
Pp

Ok

O¢

the exhaust mass flow rate (kg/s)
trajectory number

additional term in the turbulence model
the cooling coil load for the STRAD
system (W)

the cooling coil load of space (W)

the ventilation load (W)

the cooling coil load for the mixing
ventilation system (W)

mean strain rate tensor magnitude

strain rate tensor
the exhaust temperature (°C)

room set temperature (°C)
time (s)

particle velocity vector (m/s)

fluid velocity (m/s)

fluctuating velocity (m/s)

volume associated with i trajectory and
cell j

coefficient of thermal expansion (1/K)
turbulent dissipation rate (m?/s®)
represents the molecular mean free path
dynamic viscosity (kg/(m s)

the normally distributed random number

fluid density (kg/m?)

particle density (kg/md)

model constant for k equation of the
turbulence model

model constant for £ equation of the
turbulence model
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1. Introduction

One of the most important aims of the Heating, Ventilation and Air Conditioning
(HVAC) system is to create a healthy and comfortable environment and reduce indoor
contaminant concentration. An efficient design of HVAC system requires the proper
placement of the supply and exhaust outlet with respect to a room’s geometry configuration,
distribution of indoor heat sources and indoor thermal conditions [1-3]. With the increase of
the energy used for improving the quality of the indoor environment [4-6], there is a
requirement to use effective ventilation strategies [7-9], while maintaining acceptable indoor
thermal environment. In most air distribution systems, the ventilation performance and
energy saving are greatly influenced by the arrangements of the supply, return and exhaust
diffuser positions. Awad et al. [10] conducted experiments to investigate air flow patterns
and velocity distribution using different exhaust diffuser locations. Their results indicated that
the exhaust diffuser’s position had a great impact on the level of the thermal stratification
layers which consequently affected the cooling coil load. Cheng et al. [11] reported that a
20.8% of energy saving was achieved when the supply inlet located at the floor level and the
return outlet located at occupied level. They also found that, the energy saving and indoor
thermal comfort were improved by distributing the supply diffuser in the occupied zone.
Bagheri and Gorton [12] investigated the relationship between the return outlet location and
cooling load. They concluded that extra energy saving can be achieved by positioning the
return vent in the cooled zone near the floor. Filler [13] reported that energy saving can be
improved by placing the return vent near the perimeter walls of the room where the
convective heat flux will be extracted directly by means of the return vent before mixing with
the air in the occupied zone. Hongtao et al. [14] found that extra energy saving can be

achieved by separating the exhaust and return vent in two different elevations.
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Thermal plumes generated from occupants and indoor heat sources play a significant role
in increasing the exposure level for the occupants in the breathing zone by transporting the
particles from floor level towards the upper part of the room, passing through the occupant
inhaled area [15]. Therefore, the arrangement of the heat sources in a room may play an
important role in the room’s air flow pattern, thermal comfort, contaminant distribution and
energy saving [16]. Park and Holland [17] investigated the effect of heat source positions on
thermal stratification in a room served by a displacement ventilation (DV) system. They
reported that indoor thermal environment and energy consumption are significantly
influenced by changing the positions of the room’s heat sources, and they also found that by
increasing the height of heat source location the convective heat becomes less significant.
Cheng et al. [18] performed the experimental and numerical study in a room chamber to
investigate the influences of changing return opening on both thermal comfort and energy
saving. In their experiments, the combination between the lamps and some exhaust opening
was used. Further investigation of the combination between the lamps and exhaust opening
was performed by the authors [19]. In this publication, the impact of the combination
between the room lamps and exhaust opening on the energy saving was investigated
numerically. The results showed that extra energy saving can be achieved in rooms that had

combined the exhaust with lamps into one unit.

Safer thermal environmental conditions can be achieved in terms of contaminant
distribution when using the exhaust vent at the upper part and the supply diffuser at the low
part of the room [20]. The influences of the supply and exhaust locations of diffusers were
numerically investigated by Khan et al. [21]. Their results showed that a better indoor air
quality (IAQ) was achieved by locating the exhaust opening near the ceiling leveli Kuo and
Chung [22] investigated the impact of supply and outlet diffuser positions on indoor thermal

comfort in the occupied zone using different ventilation strategies. Based on their simulation
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results, they found that the longer the supply air throw in the occupied region is, the better the
indoor thermal comfort achieved. He et al. [1] reported that the exhaust vent position may not
greatly influence the pattern of airflow, but it can significantly affect the indoor exposure
level. Lin et al. [23] studied the impact of the position of the supply diffusers on the DV
system performance. They revealed that for a better indoor environment the supply opening

should be located close to the room centre.

Most previous studies have investigated the effect of the supply and return diffuser’s
locations on the performance of a ventilation system, thermal comfort, IAQ and energy
saving. But limited research has been performed to investigate the relationship between the
location of the exhaust outlet diffuser and the heat sources in a room. The thermal plumes of
the indoor heat source and the exhaust temperature play a significant role in indoor
contaminant transport and energy saving respectively [13, 24]. In this study, a validated CFD
model was used to investigate the effect of different locations of the exhaust diffuser, as well
as the combination of heat sources and exhaust outlet on indoor thermal comfort, vertical
temperature difference, contaminant concentration distribution in the breathing zone, quality
of inhaled air and energy saving. For the indoor environment, there are many sources of the
pollution and some of them are generated by heat sources and human activity while the others
come from outdoor surrounding [25, 26]. Generally, most indoor contaminants in an office
arise from furniture, work station equipment and by occupants’ activities and may contain
chemical substances, these locations are very close to the occupants and were investigated by
many researchers, while limited or inadequate investigations were performed for the
contaminants that were coming from outdoor. Thus, this paper investigates the contaminant
effects coming from outside, which are released from sources relatively away from occupied
zone. The contaminants were released from two sources, window and door frames, of the

same size and at the same time to simulate contaminants coming from outside and entering
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the domain from these locations. The concentration distribution of the contaminants in both

the occupied zone and inhaled air zone were also evaluated for each case study.

2. Methods

2.1. Case description

The influences of the various locations of the exhaust outlet diffuser and their relation
with the heat sources in a room on indoor thermal environment and energy saving were
investigated numerically in a typical small office with the dimensions of 4.0 m long, 3.5 m
wide, and 2.7 m high. Heat sources in the office included two occupants, two computer cases,
two monitors, two ceiling lamps and heat gain from the external wall. The other bounded
walls, ceiling and floor were supposed to be adiabatic. The heat emitted from each heat

source is listed in Table 1.

Two sources of contaminant were used in this study to simulate contaminants coming
from outside and entering the domain through the window and door frame (line sources).
A 0.7 pm of particle size with density of 912 kg/m® was generated for each case study. This
particle size belongs to particles in accumulation mode (0.1-2 um) such as those found in
building dust and smoke. With the DV system, fresh and cool air is normally supplied at or
close to the floor level with low velocity. Furthermore, a stratification of temperatures and
contaminant concentration is formed in the room and the horizontal temperature profile is
uniform except for the region near the DV supply and heat sources. In this study, the supply
DV (1.0 m x0.6 m) inlet was located at the floor level of the side wall and the return opening
(2.2 m x 0.2m) was located at the upper boundary of the occupied zone, 1.3 m from the floor
level, as recommended by Cheng et al. [18]. The set room temperature in the occupied zone
was 24°C. Eighty percent of the supplied air was recirculated from a return opening and the

rest of the air was extracted from the exhaust opening at five different locations, as listed in

6
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Table 2. The total supply air flow rate was 94 1/s, which is equal to 9 ACH (air change per
hour). The indoor air quality and the occupant productivity can be improved by increasing the
ventilation rate [27], hence a high ventilation rate was used in this study. The supply
temperature was 19 °C. Fig.1 shows the arrangement of the heat source and contaminant

source locations in the simulated room.

Table 1

Cooling load for the simulated office room.

Internal heat sources. Cooling load (W)
Occupants 80x2

PC_case 50%2

PC_monitor 65x2

Ceiling lamps 60x2

External wall 502

Total 1012

Heat density 72 W/m?

l\
|-— 1,75 —»‘

Return DV _supply

“— 0,9 —-l

(a) (b)

Fig. 1 (a) Configuration of simulated room; 1- occupant_1; 2 — occupant_2; 3 — PC case; 4-
PC monitor;5- lamps; 6- displacement ventilation (DV) inlet; 7- return inlet; 8- exhaust inlet;
9- external wall; 10- contaminant source (line source) at door; 11- contaminant source at

window (line source), and (b) the arrangement of the equipment of the simulated office.
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Table 2
Case studies description.

Case study Exhaust location

Case 1l Centre of ceiling between two heat sources (ceiling lamps).

Case 2 Ceiling level, at external wall.

Case 3 Combined with light slots.

Case 4 Ceiling level above (DV) supply opening (slightly away from
heat sources).

Case 5 Combined with return opening.

2.2. Computational model

2.2.1 Air flow modelling

For good prediction of indoor air movement and contaminant dispersion, a suitable
turbulence model needs to be selected from the various existing models. The two—equation
renormalized group RNG k — ¢ turbulence model was implemented to predict the turbulence
air flow. This model produces an accurate prediction of indoor air flow, temperature and
contaminant distribution [28-31]. The RNG k — € form, similary to that of the standard k — ¢

turbulence model can be expressed as [32]:

d(pk) 0d(pku) 0 e\ Ok

T % _a_Xj ( +G_k>a_XJ + P¢ + pe (1)
d(pe)  d(pew;)) 0 e\ O€ £ , €

FTa ox,  ox ( +0_£>6_x]- + Crep Pet Caep - (2)
where

o Cie = Coe+ (CnP(1 —n/n0))/1+ pn? with n = (Sk/e) and S = /255y,
The constant values of the RNG k — € turbulence model are shown below:
e C(,=0.0845 0 =0.7194, o, =0.7194, C¢ =142, C¢ =168, no =4.38 and

B =0.012.
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For this simulation, the CFD program ANSYSOFLUENT (version R 15.0) was used to
solve the Navier-Stokes equations and calculate the Lagrangian trajectories in a 3D
computational model of the office. The enhanced wall treatment with reasonable value of y*
was applied to the near wall cells. Boussinesq assumption was employed to calculate the
change in air density due to variations of temperature. The semi-implicit method for pressure-
linked equations (SIMPLE) algorithm was chosen for pressure and velocity field coupling,
and the second order upwind discretization scheme was chosen to solve all the variables in
the simulation cases except pressure which was solved by a staggered scheme named
pressure staggering option (PRESTO!). In the present study, the discrete ordinates (DO)
model [33] was adopted to simulate the radiation heat transfer emitted from internal heat

objects. The details of the numerical methods and boundary conditions are summarized in

Table 3.

Table 3

Numerical methods and boundary condition details.

Turbulence model Renormalized group RNG k — € turbulence model

Radiation Model Discrete ordinates (DO) radiation model

Numerical Schemes For pressure, Staggered third order scheme PRESTO!; for other

terms, upwind second order; SIMPLE algorithm
Ceiling, floor, tables and Adiabatic wall
bounded walls

Supply air Velocity inlet (94 L /s, 19 °C)

Return air Velocity inlet in negative direction (75.2 L/s)
Exhaust Pressure —outlet

Occupants Uniform heat flux 80 Wx2

PC case Uniform heat flux 50 W x2

PC_monitor Uniform heat flux 65 W x2

Lamps Uniform heat flux 60 W x2

External wall Uniform heat flux 502 W

2.2.2 Discrete phase model
Particle concentration distribution is generally predicted using either the Eulerian-

Eulerian or the Eulerian-Lagrangian method for the steady state particle concentration in the
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domain [34]. In this study, the Eulerian-Lagrangian model, known as a discrete phase model
(DPM), was applied to track the particles through the fluid phase. The Eulerian approach was
used to simulate the continuous phase (air flow field), while the Lagrangian approach was
used to simulate the discrete phase (airborne particles). The continuous phase was treated as a
continuum and solved using the Navier-Stokes equations, while the discrete phase was solved
by tracking individual particles through the calculated air flow field. As the particle volume
fraction was sufficiently small, the interaction between the two phases was assumed to be one
way coupling; i.e. the particles were influenced by the drag and turbulence of airflow field
but there was no influence of the particle on the continuous phase [35]. Particle size is
classified into three modes: ultrafine (< 0.1um); accumulation (0.1-2 pm) and coarse (> 2
pm) [36]. In order to simulate the contaminant distribution coming from outside and entering
the domain, this study employed the accumulation mode to predict the contaminant

concentration distribution in the breathing zone and the quality of inhaled air for each case.

2.2.2.1 Particles tracking equations
The Lagrangian approach is used to calculate the individual trajectories of each particle
by solving the momentum equation. By equating the particle inertia to the external forces, the

momentum equation can be expressed as:

du gep—p) | =
p — - p
= = Fp(d—1,) + —pp +F, (3)

where the inertial force per unit mass (m s~2) is represented in the left-hand side of Eq. (3),
and the drag forces per unit mass are expressed in the first term of the right hand side. The
gravitational and buoyancy forces are represented in the second term; 1_5a is used to add the
additional forces (per unit mass) which may have an impact on particle motion. In the present
work, the drag force is the most important force acting on the particles and it follows the

Stokes drag law:

10
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Farag = Fp(U — 1) = m (W-1p) (4)

where C. is the Cunningham correction factor which is calculated from:

2

Co=1+ d;‘ (1.257 + 0.4e~(11dp/20)) ©)

In this study, the Basset history, pressure gradient and virtual mass were negligible or
had no influence compared to the drag force. For ventilated rooms, the Brownian motion,
thermophoretic and Saffman’s lift are two orders of magnitude smaller than the Stokes drag
force and occasionally these forces become compatible with Stokesian drag force when fine
size particles are used in fluid flow field [37]. The Brownian motion and Saffman lift forces
may become considerable and influence the particle motion, especially in the turbulent
boundary layer near the walls [38]. In addition, these forces may play a significant role in the
deposition process [39-41], therefore, they were taken into consideration in this study. The

final form of trajectory equation can be expressed as:

=Fp (u - up) + I:)— + Fp + Fihermal + Fs (6)
p

dt

In turbulent flow, the particles path is significantly affected by local turbulence
intensities. In order to simulate the stochastic velocity fluctuations in airflow, the discrete
random walk (DRW) approach was used in this study [42]. The instantaneous velocity is

represented by time-averaged flow field velocity ©; and fluctuating velocity u;. The final

form of the fluctuating velocity components become:

=& [u7 = 6/2/3 @)

As a result of the assumption of the one way coupling between two phases, the air
flow field is solved first, and subsequently the particles are injected [43]. As mentioned
previously, the air flow equations and Lagrangian trajectories were calculated using ANSYS

Fluent software. However, the Lagrangian approach does not directly calculate the

11
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concentration of the particles in the domain. Therefore, this study used a user-define function
(UDF) to calculate the concentration distribution of the particles from the trajectories. In
order to calculate the particles concentration distribution in fluid flow field, it is important to
correlate the concentration with the trajectories for each computational cell in the domain.
This can be achieved using particle source in-cell (PSI-C) scheme based on following
equation:

_ ¥, deGi )

Vi

C (8)

The accuracy and the simulation stability of the Lagrangian model was investigated by Zhang
and Chen [34] and, based on their studies, the calculations of concentration are statically
stable when a sufficient number of trajectories are tracked in the domain. Therefore, in the

present study, adequate numbers of particle trajectory have been tracked.

2.2.2.2 Boundary conditions

Particles escape and their trajectories terminate when they reach the inlets and exhaust
outlets in the domain. When particles reach solid objects, they may attach to or rebound from
the surface of these objects. In a ventilated room, particles are most likely to attach to the
rigid body surface because they do not have enough energy to rebound to overcome adhesion
[44]. When the mesh at the walls is not fine enough, the results will over predict the viscous
sub-layer kinetic energy and the fluctuating velocity will increase in these regions which will
increase the collision of particles with the walls. In this study, the inflation boundary layer
was used near the walls with enough mesh refinement. Therefore, the particle collisions in
these regions (near walls) were predicted accurately and the trap boundary condition was

applied.

12
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3. Validation of the CFD algorithm

3.1. Validation of fluid flow

An experimental study on air velocity distribution and temperature distribution in a
room environment was performed by Xu et al. [45]. This work was chosen to validate the
accuracy of the current turbulence model in prediction of the indoor thermal environment.
Fig.2 a shows the schematic diagram for the experimental chamber. The simulation was
performed in a typical small room with the dimensions of 6.0 m long, 3.9 m wide, and 2.35 m
high with two heat sources included one occupant (76 W) seat in front of table and one
computer (40 W) located on the table (see Fig.2 a). Two poles, pole 1 and 4, were used in this
validation to predict the temperature and velocity distribution (see Fig. 2 b). The supply and
exhaust diffuser dimensions were (0.4 m x0.15 m) and (0.34 x0.14 m) respectively. The
supply air flow rate was 43 m*/h which is equal to 0.79 ACH (air change per hour). The
supply temperature was 19 °C. Different temperatures value was used for the bounded walls,
ceiling and floor. Fig. 2 ¢ and d show a good agreement between the measured and simulated

results. All the details can be found in Xu et al.’s publication [45].

(b)

Pole 4 | Pole 2|
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Fig. 2. (a) Schematic diagram of the validation room model [45]; (b) poles 1 and 2 location;
(c) and (d) comparison between the simulated and experimental temperature and velocity
profiles at two vertical poles; (c) temperature distribution and (d) velocity distribution; (circle
symbol: experimental results [45] ; solid line: simulated results by authors).

3.2. Particle transport validation

To validate the Lagrangian particle-tracking model, the experimental results of Chen
et al. [46] are used to show the accuracy of this model. As shown in Fig. 3, the dimensions of
the room were 0.8 m x 0.4 m x 0.4 m. The inlet and the outlet had the same dimensions
(0.04 m x0.04 m) and were located at the centre of the test chamber. The supply velocity was
0.225 m/sec and the particle diameter was 10 p m with 1400 density. Particle concentration
was normalised by the concentration of inlet. Fig.4 illustrates the comparison between the
normalised concentration and the experimental data at three different locations. A reasonable

agreement between the predicted and experimental results can be seen from these graphs.

14
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Fig. 3. Schematic diagram of ventilated chamber of the validation case of Lagrangian
particle-tracking [46].
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Fig. 4. Comparison between the normalized particle concentration and experimental data [46]
at different locations x=0.2, 0.4 and 0.6 (square symbols: experimental data [46]; dashed

line: normalized particle concentration by authors).

3.3 Grid independence

As a result of the room and equipment complexity, ANSYS ICEM CFD software was
used in this study to generate a tetrahedral unstructured mesh with inflation boundary layer
around the occupants and different element size. The grid around the occupants and others
heat objects were fine enough to capture the thermal environment behaviour and solving the
boundary layer. The surface grid was generated for the occupants, computers and monitors

with 1 cm of element size, and 5 mm for the ceiling lamps. The mesh was clustered in regions

15
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that have high gradients of temperature and velocity such as bounded walls, ceiling floor and
table. For the mesh test, In order to control the total number of cells, only the element size in
the domain was changed without changing the surface grid size for the internal heat sources
and walls. In order to resolve the boundary layer around the occupants, an inflation boundary
layer was generated with the first layer thickness of 1.5 mm, 4 layers with 1.2 of growth rate
(see Fig.5). A satisfy the requirement of y* values, ranged between 0.7 < y* < 4.5, was
achieved. Mesh independence test plays a significant role in CFD simulation regarding
results accuracy and prediction cost. In the current study, the proper size of grid was selected
by comparing the simulation results for three different sizes of grid as listed in Table 4. By
comparing the simulation results for the temperature and velocity distribution for each grid
size, there is no significant change in temperature and velocity distribution with increasing
the grid cells from mesh_2 to mesh_3, Therefore, mesh 2 was selected to be the proper grid

size for the rest of the simulation.

Table 4

Mesh independent test.

Mesh types. Cells number
Mesh_1 865,235
Mesh_2 1,705,689
Mesh_3 2,415,523

0 4 layers of

‘ / prism mesh

Fig. 5. Inflation boundary layer around the human body.
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4. Results and discussion

4.1. Thermal comfort evaluation

The indoor thermal comfort indices are assessed using Fanger's comfort equations [47].
In this model, the thermal balance for the whole human body is represented by two indices
PMV and PPD. For the indoor thermal comfort requirement, appropriate PMV and PDD

values are in the range -0.5< PMV< 0.5 and PPD < 10 percent respectively.

The PMV and PPD indices were used to evaluate the thermal comfort condition in each
case study. Fig. 6 presents the PMV and PPD results for both occupants for each case. The
PMV and PPD indices for each occupant were approximately the same with only a slight
difference between them; this was due to the fact that the thermal environment around the
occupants in the area near the external wall was influenced by the heat flux of the external
wall which subsequently affected the thermal comfort of the occupants in this region. Similar
findings were reported by Horikiri et al. [48]. Small PPD and PMV values are highly
recommended for indoor human thermal comfort requirements [49]. The PPD and PMV
indices values were in the acceptance range (i.e. below 10% for PPD and between 0.5 to -0.5
for PMV) for four of the five cases, cases 1, 2, 3 and 4 (see Fig. 6). For further explanation,
Fig. 7 (a-e) and Fig. 8 (a-e) show the temperature and velocity distribution for each case
study at different section planes. These figures show that by locating the exhaust diffuser at
ceiling level, near or combined with heat sources, the room air temperature distribution and
velocity improved and tended to provide uniform distribution in most of the room’s domains
which caused a comfortable thermal environment around the occupants. On the other hand,
when the exhaust diffuser was combined with the return outlet in one unit away from the
room’s heat sources, as in case 5, the occupants became thermally unsatisfied and the thermal
environment was uncomfortable in most of the room’s domains compared with the other

cases, this was due to the large amount of relatively fresh air coming from the supply
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diffuser extracted directly from the combined unit diffuser in the occupied zone before

mixing with the rest of the air in the room. In addition, the thermal plumes generated from the

room’s heat sources led to an increase in the temperature in the upper part of the room and

the supply conditioned air do not effectively mixed with warm air in the upper part of the

room. All these factors created a non-homogeneous distribution of temperature; velocity and

uncomfortable environment around the occupants as shown in Fig.7 and 8 (e). There was no

influence of velocity field on the PPD and PMV calculations, as most of the velocity

measured at the calculation points was very small (below 0.05 m/sec)

0.7 1
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ISO 7730 A
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B Occupant_1 12 4

B Occupant_1

= Occupant_2

Standard limited
ISO 7730

Case study

(b)

Fig.6. Indoor thermal comfort in each case study for both occupants; (a) PMV index; (b) PPD

index.
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Fig. 7. Temperature (°C) and velocity distribution (m/s) at the central plane x=2 m for all case

study: (a) case 1; (b) case 2; (c) case 3; (d) case 4; (e) case 5.
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4.2. Local thermal discomfort

The vertical temperature difference is one of the main factors in assessing indoor
thermal comfort in a stratified air distribution system STARD. According to the ISO7730
[49], the temperature difference between the head and foot level (AT, eaq—foor) Should not
exceed 3 °C. The local thermal discomfort index was used to evaluate the vertical temperature
difference in the region around the occupants. Four positions (points I, 11, 11l and V), two
points at each occupant, were used in this study to assess the thermal discomfort in each case
(see Fig. 9 a). As shown in Table 5, the (AThead—foor) Values for cases 1, 2, 3 and 4 were in
the accepted range for most locations and slightly higher at point I; the reason is that the
location of this point was close to the supply inlet diffuser. Similar findings were revealed by

Lian and Wang [50].

Table 5
Temperature gradient between the head and foot levels for occupants ¢ C).
s(t:jfj?/ Occupant_1 Occupant_2
Point | Point Il Point 111 Point IV

Case_1 3.5 3.0 3.0 3.0
Case 2 3.0 3.0 2.7 3.0
Case_3 3.0 2.8 2.7 2.9
Case 4 3.2 3.0 2.9 3.1
Case_5 3.7 3.6 3.5 3.6

For a detailed explanation of temperature distribution in a vertical direction, Fig.9 (b,
¢, d and e) presents the vertical temperature difference at different positions, poles I, 11, 1l
and 1V, in each case study. In cases 2 and 3, when the exhaust outlets were combined with
the heat sources (lamps and external wall) the (AT, ead—foor) Values were in the acceptance
range at all points. The reason is that most of the heat flux emitted from these sources was
extracted directly from the exhaust outlet diffuser before mixing with the air in the occupied

zone which led to the temperature gradient between the upper and lower parts being reduced

21



as shown Fig. 7 and 8 (a, b and c), while for case 5, when the exhaust was combined with the
return outlet, the temperature gradient was out of range for all the monitoring points. This is
because part of the supply of fresh air was directly extracted from the combined outlet (return
with exhaust) before mixing with the warm air in the occupied area. The temperature gradient
between the upper and lower parts of the room was relatively high compared to the other case
study (see Figs. 7 and 8 e) because a small amount of cold and fresh air was induced by the

thermal plumes and reached the upper part of the room [51], causing an increase in the room
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Fig. 9. Temperature distribution in vertical direction for different cases (a) monitoring points
and pole locations ; (b),(c),(d) and(e) are the vertical temperature distribution in pole 1,2,3and

4 respectively.

4.3. Energy saving

In the stratified air distribution (STRAD) system, only the area in the occupied zone is
required to be thermally comfortable which increases the potential to reduce energy
consumption. In this system the fresh air moves up by thermal plumes towards the ceiling by

natural convection where it warms up by contacting internal room heat sources. Stratification
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of temperatures is formed in the room and the horizontal temperature profile is uniform
except for the region near the supply diffuser and heat sources. The energy savings were
evaluated for each case study to show the impact of exhaust location on energy saving. Based
on CFD simulation results, Cheng et al. [18] developed a method to calculate the reduction in
cooling coil load in a room using the STRAD system. For the same set room temperature
(Tser), the calculation of cooling coil load in the STRAD system is different from that in the

mixing ventilation (MV) system:

Qcoil-sTRAD = Qeoil-mv — Cp X Mg X (Te — Tser) 9)

Qeoil-mv = Qspace + Qvent (10)

where Qcoil—strap aNd Qeoii—mv represent the cooling coil load for the STRAD system and
MV system respectively; Qspace and Qyene are the cooling coil load of space and ventilation
load respectively and T, is the room set temperature which was 24°C for all case studies.
The term ¢, X e X (T — Tge) refers to the amount of cooling coil load reduction which is
widely used to evaluate the energy saving in the STRAD system [11, 18, 52, 53] . This term

was used in the present work to calculate the amount of energy saving for each case.

Table 6 illustrates that the reduction of cooling coil load was proportional with exhaust
temperature in each case. In cases 1, 2 and 3 the energy efficiency was the best when the
exhaust outlet diffuser was combined or located near the heat sources (lamps and external
wall), This is because the direct extraction of the heat flux from these heat sources
contributed to an increase in the exhaust temperature, consequently improving the potential
for energy saving. In addition, due to the reduction of air temperature in all domains of the
room (see Fig 8), the less warm air in the occupant boundary entered the return grill which

contributed to a reduction in the coil load. In contrast, in case 5 when the exhaust outlet was
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located away from room heat sources and combined with the return outlet, the relatively high
warm air (see Fig. 7 and 8 e) was recirculated and entered the return grill, causing increased
energy consumption. Thus, energy saving was significantly increased to 25.0%, 13.8% and
12.65 % in cases 3, 1 and 2 respectively. From these results we can conclude that the amount
of energy saving depends on the distance between the exhaust diffuser and the heat sources as
well as the combination of heat sources with exhaust opening, i.e. extra energy saving can be
achieved by locating the exhaust diffuser close to the heat object. In order to select the
appropriate locations for exhaust diffusers, other factors such as the thermal comfort indices,
vertical temperature difference and contaminant concentration distribution should be

considered carefully.

Table 6
Energy saving for cooling coil.
AQcoil = Cp X
AQeoit/A
Case study T, (°C). T, (°C). m, X (T, — Tset) Qeo lé /O;er’ace
(W).

Case 1 30.0 26.6 139.6 13.8
Case 2 295 26.7 128.0 12.65
Case_3 34.0 26.0 250.0 25.0
Case 4 29.3 26.7 123.0 12.18
Case 5 27.6 27.6 85.0 8.4

4.4. The quality of indoor air evaluation

The quality of the indoor air plays a significant role in the evaluation of the indoor air
distribution system performance, particularly in terms of the distribution and concentration of
contaminants. The most important factors that affect particle concentration distribution in a
room are the location of exhaust diffusers and contaminant sources. In the current work, the
contaminant sources were located at the door and window frames to simulate contaminants
coming from outside and entering the domain from these frames with the same particle

diameter as shown in Fig. 1. The quality of the occupants’ inhaled air (see Fig. 10) and the air
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quality in the breathing zone, 1.3 m from floor level, were used to evaluate the air quality for

each case. The contaminant concentration normalisation is defined as follows:

Ch == (11)

Figs. 11 a and b compare the normalised particle concentration for each case study in
the inhaled and breathing zones respectively. It is clear that the particle concentration for
occupant 1 was larger than the concentration for occupant 2 in all cases except case 3. The
reason for this is that the position of occupant 1 was very close to the door contaminant
sources. This is consistent with findings reported by Licina et al. [25]. In addition, occupant 2
was located near the external wall, where the contaminant transport was greatly influenced by
the convective heat flux that contributed to bringing a large amount of contaminants from the
occupant zone towards the extract outlet at ceiling level which consequently improved the
inhaled air for occupant 2. Furthermore, in cases 1, 2, 3 and 4 the air in the inhaled area and
the breathing zone showed better quality for both occupants compared with case 5 (see Fig.
11 a and b). This is because the contaminants transported by the thermal heat plumes from
heat sources in the lower part of the room were extracted at ceiling level which consequently
reduced the contaminant concentration at both the inhaled air and the breathing levels. In
addition, the convective heat from heat sources was significantly affected by the temperature
field [54]. On the other hand, for case 5, due to there being no extract opening at the ceiling
level, the contaminants in the upper part were still in recirculation and their increased
concentration caused a significant increase in all the room’s domains, including inhaled air
and breathing level. The best air quality for the inhaled zone and breathing zone were
achieved in case 3, as the combination of the exhaust and lamp extracted a large amount of
contaminants which led to a reduction in the contaminant concentration in both the inhaled

and the breathing zones compared with the other case studies.
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From these results it is clear that satisfactory air quality can be achieved by locating the

exhaust close to the room’s heat sources. Similar findings were revealed by Serrano-Arellano

et al. [55]. This is because the room’s contaminants are mostly carried by thermal plumes of

heat source and extracted directly from the exhaust outlet which contributes to reducing the

contaminant concentration in the room’s domains.
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Fig. 10. inhaled area around the occupants 0.5m cubic (microenvironment).
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Fig. 11. Comparison of the particle concentration for each case study; (a) for inhaled area for

each occupant; (b) for breathing level.

5. Conclusion

In this study, the effects of the locations of the exhaust air vent on the indoor thermal

comfort, vertical temperature difference, contaminant concentration in the occupied zone,
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quality of inhaled air and energy saving in an office were investigated. The results of this

study concluded as follows:

A significant improvement on energy saving and quality of inhaled air was made
when the exhaust was combined with the room heat sources, such as in case 1 when
the exhaust is located between two heat sources, and in cases 2 and 3 when the
exhaust is combined with the external walls and room's ceiling lamps, respectively.

In case 3, a 25.0 % of energy saving was achieved by combining the exhaust diffuser
with room’s ceiling lamps. Furthermore, locating the exhaust diffuser near the heat
sources, cases 1 and 2, also reduced the cooling coil load by 13.8 % and 12.65 %
respectively. While in case 5, when the exhaust and return outlets were combined in
one unit at the occupied boundary area, the risk of thermal discomfort and poor air
quality in the occupied zone, as well as energy consumption, was clearly increased.
The enhancement of the IAQ in the breathing zone and the quality of the inhaled air
were most significant when the exhaust was separated from the return opening, and
combined with the heat sources, as shown in case 3.

Overall, better indoor thermal environment in terms of thermal comfort, temperature
distribution, quality of indoor air, inhaled air and energy saving was achieved by

combining the indoor heat sources with the exhaust outlet vent at the ceiling level.
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