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Abstract. An innovative column attachment ventilation (CAV) was proposed for heating, ventilating and
air-conditioning (HVAC) systems and its performance was evaluated through experimental investigation
and numerical modeling. Airflow pattern, air temperature distribution, air diffusion performance index
(ADPI), predicted mean vote (PMV), and draught rate (DR), were used as the performance indicators to
investigate the air distribution performance. The ventilation effectiveness for heat removal in the CAV
mode was compared with a conventional mixing ventilation (MV). The results showed that the discharged
air from the linear slot diffuser can attach to the column and enter into the occupied zone creating air lake
phenomenon. The airflow spread over the floor in a radial pattern behaved as a stratified air distribution like
displacement ventilation (DV), providing good air quality and comfort level for occupants. Moreover, the
heat removal effectiveness in the CAV was found to be higher than in the MV, i.e. 1.32 in the C-CAV and
1.29 in the S-CAV modes. The column attachment ventilation can achieve thermal comfort in the occupied
zone without local discomfort caused by high vertical temperature difference and draught, and this
ventilation strategy could be expected as a new and efficient air distribution pattern for different HVAC

applications.

1 Introduction

With the development of building technologies and the
demand for economic progress, large spaces are
emerging in the civil and industrial fields such as
shopping centers, subway stations, airport terminals, and
factory halls. High performance large space buildings
must ensure an acceptable indoor environmental quality,
by providing higher indoor air quality and comfort levels
for their occupants. Furthermore, the energy
consumption of large space buildings is very high due to
its large height and span, dense occupancy, and long
hours of operation [1]. Therefore, advanced heating,
ventilating and air conditioning (HVAC) systems should
not only promote a healthy and comfortable environment
for occupants but should also contribute to energy
conservation [2-4].

Mixing ventilation (MV), a conventional air
distribution, is widely used in different types of
buildings [S]. However, the international energy agency
(IEA) Annex 26 defined large space as an enclosed
ventilated air space partly occupied and containing
various contaminant and heat sources. The air
distribution should, therefore, be well-planned and
controlled to ensure an acceptable indoor environment in
the occupied zone without the need for excessive airflow
rates [6]. Therefore, the use of MV mode in large space
buildings will result in energy wastage and poor air
quality because of conditioning the unoccupied upper
zone [4, 7]. Displacement ventilation (DV) can be an

3
Corresponding author: liag@xauat.edu.cn

efficient alternative to MV, in which supply air with a
low speed (typically < 0.5 m/s) is directly inserted into
the occupied zone [8, 9]. Therefore, a higher ventilation
efficiency and better air quality can be achieved as
compared to the use of the MV system [10, 11].
However, the proximity between the air supply and
occupants may cause discomfort due to cold draught,
which results that the DV system can be used for space
with a cooling load up to 40~50 W/m® [12, 13]. In
addition, DV also has some disadvantages because of its
low momentum supply and inefficiency in delivering
fresh air with long distances from the supply terminal
[14]. When applied to large space buildings with higher
cooling load and larger building span, DV systems are
mostly combined with other systems such as cooled
ceiling systems [15] and radiant floor cooling systems
[16]. Another problem limiting the application of DV is
space consideration. To maximize system efficiency, the
typical locations of supply outlets are on the low side
wall or floor. These supply outlets typically take up
considerably more occupied space than the outlets used
in the MV system [17].

On the other hand, large space buildings are often
found having complicated structures, and their
enclosures may also be complex and have functional
partitions. These physical characteristics of large space
buildings would have a great influent on the air
distribution in existing ventilation modes as compared to
small space buildings. However, large spaces are often
found in numerous structural forms where novel ideas
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Fig. 1. Conceptual airflow diagram of C-CAV and S-CAV.

are tried and tested. For buildings with a column/pillar
frame structure, there are many evenly distributed

columns that divide the large space into smaller volumes.

By controlling each small space environment, overall
control of the large space environment can be achieved,
thereby reducing the impact of spatial dimension on the
ventilation mode. From the perspective of integration of
ventilation strategies and building structure, a new type
of air distribution—column/pillar attachment ventilation
(CAV/PAV) was proposed (Fig. 1).

As shown in Fig. 1, the CAV works by mounting a
ring-shaped or ambulatory-shaped slot inlets on the
ceiling, and then the supply air jet at a high momentum
is discharged downward and attached to the circular or
square column surface due to the Coanda effect, which
can lead to a lower degree of mixing with the
unoccupied upper zone air (see region I). The supply jet
is still attached to the column until it reaches the floor
level, where it strikes the floor and then quickly loses
momentum from the supply (see region II). Similar to
DV, the supply air will spread over the floor in a radial
pattern to form an air lake or air pool in the occupied
zone (see region III). The ubiquitous columns in large
spaces enable the CAV to separately and uniformly
deliver more fresh air and energy to the occupied zone,
achieving better indoor air quality and higher ventilation
efficiency than MV systems, and handling larger space
load than DV systems. Furthermore, the CAV also has
the potential to overcome the drawbacks of take-up
effective occupied space when configured DV air
diffusers. Consequently, this ventilation strategy is
believed to combine the advantages of both the MV and
DV systems [18].

This paper aims to introduce the concept of column
attachment ventilation when it operates in a large space
building with a column structure. Both experimental and
numerical methods were used to investigate the air
distribution characteristics of circular-based CAV (C-
CAV) and square-based CAV (S-CAV) modes in
specific case studies. Six indices were used to evaluate
the ventilation performance. The heat removal
effectiveness of CAV was also compared with an MV

system. The results could be useful to guide the
applications of CAV in different HVAC systems.

2 Methodology

2.1 Experimentation

The experiments are often used to investigate the
performance of a specified ventilation mode, which can
provide first-hand and reliable information when
introducing a new type of air distribution. On the other
hand, the use of full-scale space to conduct a
comprehensive study of the CAV mode is quite
expensive and time-consuming. Therefore, the
experiment was carried out in a down-scale enclosure to
determine the feasibility of CAV through flow
visualization using the tracer-gas technique, which is
very effective for characterizing the airflow pattern in
large spaces [6].

The test enclosure had dimensions of 4.0 m (L) x 4.0
m (W) x3.2 m (H) and the length and width were 1/3 of
the numerical simulation model. Four equally-scaled
circular columns (¢ 0.33 m x 0.83 m) or square columns
(0.33 m x 0.33 m x 0.83 m) were evenly distributed in
the enclosure. On the top of the column, there was an air
supply device (0.37 m x 0.37 m x 0.15 m), which was
built to improve the uniformity of the outlets by
introducing some perforated planes and partition planes.
These planes convert the dynamic pressure of the supply
air to static pressure. The ring or ambulatory shaped slot
outlet was located at the bottom of this device and has a
width b of 0.017 m. The vertical distance between the
slot outlets and the floor was 0.83 m (ceiling height).
During the visualization experiment, a fabric curtain was
placed over the enclosure wall to provide a black
background to visualize the white smoke. When the
high-temperature smoke generated by the smoke
machine was sent to the slot outlet along the air supply
duct, its heat had diffused into the supply air, and its
temperature had dropped to a temperature substantially
consistent with the environment. At the same time, in
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order to capture the overall distribution of airflow along
the floor from the top of the room, the enclosure did not
have a ceiling to form an enclosed space. Because of this,
the experimental test was carried out under isothermal
conditions. However, the main purpose of this
experiment was to introduce the CAV mode and obtain
some airflow characteristics for engineering design,
where the isothermal condition was also useful [18].

Fig. 2. Layouts of visualization experiments.

2.2 Computational fluid dynamics simulation

In order to obtain detailed information on the flow field,
thermal comfort and energy consumption, numerical
simulations which are less expensive and less time
consuming were applied to evaluate the performance of
CAYV in the original dimension of a large space building.
Fig. 3 shows the geometrical configurations for C-
CAV, S-CAV and MV simulations. The physical model
in the three ventilation modes was part of a large space
building with a typical four-column structure. The
dimension was 12.0 m (L) % 12.0 m (W) x4.0 m (ceiling
height). The arrangement of the columns and slot outlets
was unified with the experimental model, but the size
was increased by a factor of three. For MV simulation,
the air supply and exhaust diffusers were mounted on the
ceiling. The supply air was discharged from the nine
inlets (0.2 m x 0.2 m) with an angle of 60° from the
ceiling towards the floor, while the contaminated air was

evacuated from the four outlets (0.3 m % 0.3 m) located
at the corners of the space. According to the layout of a
typical shopping center, a total of 32 standing occupants
were arranged. The typical metabolic rate of an average
adult on standing and light activity was 93 W/m® [19].
The Dubois surface area of a 1.73 m tall and 70 kg man
is 1.8 m* [20]. The heat generated by each occupant was
set to 167.4 W. In addition, 32 lamps were installed on
the ceiling of the room as overhead lighting, and the heat
generated by each lamp was set to 61.2 W. As a result,
the LPD (lighting power density) using the building area
method was 13.6 W/m? [21]. In addition to the heat load
from the internal sources, the heat load was evenly set
according to the area on the walls and floor, resulting in
a total heat load of 21600 W (150 W per unit floor area).
In order to eliminate these loads, a same supply air
temperature and volumetric flow rate were used to
ensure the same amount of energy supplied to the room
in the three ventilation modes. In the present physical
models, the areas of the supply device of C-CAV, S-
CAV and MV were 0.66, 0.84 and 0.36 m”, respectively,
so the corresponding supply velocities were 2.0, 1.57
and 3.67 m/s, respectively, which were within the
recommended ranges. Table 1 summarizes the major
parameters for each simulated case.

/| C-CAVor
] s-cavinlet

Lamp

MV inlet

Occupant

Fig. 3. Geometrical configuration of physical model for three
ventilation mode simulations.

The presence of different internal heat sources
makes the configuration of the domain complex, and
Airpak was chosen due to its simplicity for handling
such features. Non-uniform grid distribution was applied.
A finer grid was chosen within the vicinity of the inlet,
outlet, column, and exterior wall, and a coarser grid was
constructed away from these regions. After the grid-
independence tests, the grids with hexahedral cells for C-
CAV, S-CAV, and MV were 2,790,541, 2,867,989 and

Table 1. Major parameters used in the simulations.

Scheme | £ (°C) | u,(m/s) | A;(m’) | Vim/h) | Qu(W) | QW) | Qu(W) | (W) | Q(W) | ¢(W/m?)
C-CAV 2.0 0.66
S-CAV 15 1.57 0.84 4752 5357 1958 8163 6122 21600 150
MV 3.67 0.36

Note:  is the supply air temperature, u; is the supply air velocity, 4; is the total air supply area, V; is the supply volumetric flow rate,
QOrepresents the heat production, the subscript o, 1, w, and f denote occupants, overhead lighting, surrounding walls, and floor, and O,
is the total heat load in the space, and ¢ is the total heat load per floor area.
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2,709,957, respectively. The Reynolds Stress Model
(RSM) model based on the commercial program ANSY'S
Fluent was used to perform the simulation. This model
developed by Gibson and Launder [22] explicitly solve
the transport equations of Reynolds stresses, and non-
isotropic characteristics of the model play a significant
role in the flow with a swirl or strong curvatures [23].
Prior to the numerical simulation, the model was first
validated by the experimental data. The deviation
between the experimental data and the numerical results
using the RSM-IP model were 5.5% in the vertical
column-attached zone and 16.6% in the horizontal floor-
attached zone [24]. Therefore, the RSM-IP model used
was considered to be acceptable for simulating airflow
and thermal environment in large space buildings.

The computations used the finite-volume method and
the second-order upwind for the convection terms. The
discretized equations were solved with the SIMPLE
algorithm. A standard wall function was applied to
describe the turbulent flow properties in the near wall
region. The buoyancy effect was considered by the
Boussinesq model. The converged residuals of variable

P, u;, k, ¢ and fu/ were less than 107, and the energy

was less than 107, During the computation, the inlet flow
rate and outlet flow rate were also monitored. The
difference was less than 0.2%, which also demonstrated
the convergence of the computation.

2.3 Evaluation indices

An important objective of the ventilation system is to
create an environment with reasonable air distribution,
efficient energy consumption, and acceptable thermal
comfort. The indices used to evaluate the performance of
column attachment ventilation are as follows.

1. Airflow pattern.

2. Air temperature distribution.

3. Heat removal effectiveness.

4. Air diffusion performance index (ADPI).

5. Predicted mean vote (PMV).

6. Draught rate (DR).

According to ASHRAE 55 [25], the air velocity and
air temperature were analyzed at the ankle level (y = 0.1
m), waist level (y = 1.1 m), and head level (y = 1.7 m)
for standing occupants. The air velocity and air
temperature of the occupied zone were the numerical
averages of the three levels. For standing occupants, the
PMV was analyzed at a level of y = 1.1 m. The ADPI
was developed as a way to quantify the comfort level for
a space conditioned by an MV system for cooling [26],
but the index can also be used to evaluate the
performance of CAV because the concept is familiar to
HVAC specialists and researchers. The same as PMV,
the ADPI was also calculated at y = 1.1 m. To assess the
local cooling of the body caused by air movement, DR
was analyzed at y = 0.1 m (ankle level), which was
considered to be the most sensitive part of an occupant in
the CAV mode [19]. A representative 20 points were
chosen to calculate the values of these indices at
different levels (Fig. 4). In addition, two vertical profiles
were used to further evaluate the performance of CAV

and MV modes. The profile of x = 3.0 m represented the
middle section of the column, and x = 6.0 m was the
middle section of the space.
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Fig. 4. Layout of the chosen points in simulation results
analysis.

3 Results and discussion

3.1 Airflow pattern

Fig. 5 shows the airflow pattern of CAV in the
experiment and that of section x =3.0 m, y = 1.1 m in the
simulation. Both the experimental and numerical results
indicated that the supply air at a high momentum was
discharged downwards and attached to the column,
impinging the floor and spreading over it. Similar to DV,
the airflow pattern in CAV was characterized by
stratified flow, creating an air lake phenomenon in the
occupied area, which provided the occupied zone with
fresher and cooler air than the other zones. The average
air velocity of C-CAV and S-CAV within the occupied
zone was 0.21 m/s and 0.19 m/s, respectively, which
results in an acceptable environment for occupants.

The temperature distribution at the sections of x = 3.0
m, X =6.0 mand y = 1.1 m is shown in Fig. 6. In vertical
temperature profiles of the CAV mode, a temperature
gradient was observed along the height of the space. The
air temperature in the occupied zone was significantly
lower than the upper zone of the space (z > 1.8 m),
which can lead to a higher ventilation efficiency. The air
temperatures at two vertical profiles almost showed the
same value for both C-CAV and S-CAV modes. At the
height level of y = 1.1 m, it can be seen that the air
temperatures of the two CAV modes were almost
maintained at the same level (25 °C to 26 °C), resulting
in a uniform temperature distribution at different
locations to improve thermal comfort. It can also be seen
that the air temperature in the MV mode was higher than
that in the CAV mode. The average air temperatures
within the occupied zone for C-CAV, S-CAV and MV
were 25.1 °C, 25.4 °C, and 28.8 °C, respectively. This
indicated that the cooling energy required to achieve the
same spatial temperature in the MV space was larger
than that in the CAV mode.
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Fig. 5. Airflow patterns of C-CAV and S-CAYV in (a) visualization experiment and (b) numerical simulation.
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Fig. 6. Air temperature distribution at x =3.0 m, x =6.0 mand y = 1.1 m in (a) C-CAV, (b) S-CAV, and (c) MV mode.

Fig. 7 presents a comparison of the mean air
temperatures at different spatial heights in the C-CAV,
S-CAV and MV modes. It can be seen that the shape of
the vertical temperature distribution was approximately
the same as that in the three ventilation modes. This is
because the same scheme of upper zone mounted supply
and exhaust diffusers were used in all three modes.
However, the air temperatures at different heights in the
MV space were almost the same as that in the occupied
zone, which indicated a perfect mixing within this zone.
In contrast, an increase in air temperature along the
height of the occupied zone can be observed in the CAV
mode, where the temperature gradient of C-CAV and S-
CAV was 3.1 and 2.4 times of that in the MV mode,
respectively. On the other hand, the vertical air
temperature difference between 1.7 m and 0.1 m was
1.1 °C for the C-CAV and 0.9 °C for the S-CAV. There
was no local discomfort caused by an abnormally high
vertical temperature difference between the head and
feet (4 °C for standing occupants in ASHRAE 55).
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Fig. 7. Mean air temperature distribution at different heights of
the space in three ventilation modes.

3.3 Heat removal effectiveness

Knowing the air temperature in the occupied zone, in the
supply airflow, and in the exhaust airflow, it is possible
to calculate the heat removal effectiveness [27] by using
the following equation.

g = (1)

where ¢, is the ventilation effectiveness for heat removal,
t. is the exhaust air temperature, ¢, is the supply air
temperature, and ¢, is the average air temperature within
the occupied zone.

The exhaust air temperature was calculated as the
numerical average of all outlets, i.e. 28.4 °C, 28.4 °C and
30.9 °C for C-CAV, S-CAV, and MV, respectively.
Therefore, the ventilation efficiency for the heat removal
in the C-CAV, S-CAV and MV mode was 1.32, 1.29 and
1.15, respectively. Compared to MV, the CAV was more
energy efficient and improved efficiency by 14.8% and
12.2% in the C-CAYV and S-CAV modes, respectively.

3.4 Air diffusion performance index (ADPI)

The ADPI is defined as the percentage of locations
where measurements are taken, that meet these
specifications for effective draft temperature and
velocity. High ADPI values generally correlate to high
space thermal comfort levels with the maximum
obtainable value of 100% [26]. The ADPI of the chosen
points was calculated at y = 1.1 m level. The ADPI
values in the C-CAV, S-CAV and MV modes met the
design requirement (> 80%), which were 80%, 85%, and
100%, respectively.

3.5 Predicted mean vote (PMV)

The PMV in different ventilation modes was calculated
based on the predicted mean air velocity and temperature
at y = 1.1 m level. For the C-CAV mode, the calculated
PMV was 0.66, which conforms to the class C category
(- 0.7 <PMV <+ 0.7) as defined in ISO 7730 [19]. The
PMV level was slightly higher in the S-CAV mode,
where the calculated PMV was 0.75, which means a
slightly warm environment in the occupied zone. The
large PMV value was mainly due to the high air
temperature of the occupied zone in the S-CAV mode.
For the MV mode with the highest occupied zone
temperature of 28.8 °C, the calculated PMV value was
even higher (i.e. 1.48), and the average thermal sensation
was between slightly warm and warm. In this study, in
order to achieve a comfortable thermal environment for
occupants, the average air temperature within the
occupied zone was preferably around 25 °C.
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3.6 Draught rate (DR)

Based on ISO 7730, the comfortable thermal
environment should satisfy the requirements for both the
general thermal comfort and local thermal comfort. The
aforementioned section showed that the CAV has an air
distribution similar to the DV in the occupied zone.
Therefore, DR was employed to demonstrate that the
CAV can avoid local thermal discomfort caused by
draught, as shown in Fig. 8. The DR level in the CAV
was higher than that in the MV mode. However, the
requirements of category B for DR in ISO 7730 was less
than 20%. The DR levels in both C-CAV and S-CAV
mode were lower than this value except the vicinities of
columns and floor. At the 0.1 m level in the C-CAV
mode, the DR values of the chosen points ranged from
6.3% to 25.9% with an average of 16.2%. The range and
average in the S-CAV mode were 2.2%~21.4% and
14.2%, respectively. According to the above results, the
air velocities in the S-CAV and C-CAV modes were
substantially the same, but the air temperature in the S-
CAV mode was higher than that in the C-CAV mode.
This indicated that a lower DR could be achieved by
increasing the air temperature within the occupied zone,
but this was not conducive to improve the PMV value. It
was necessary, during the design of the CAV system, to
fully consider the general thermal comfort, local thermal
comfort, and other indices.
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Fig. 8. DR distribution at y= 0.1 m in (a) C-CAV, (b) S-CAV,
and (c) MV mode.

4 Conclusions

An innovative column attachment ventilation was
proposed, and the performance of the C-CAV and S-
CAV modes was investigated by employing both
experimental and numerical techniques. When operated
in the occupied zone, the CAV mode was similar to DV
mode, and can result in higher energy utilization when
compared with the MV mode in a large space building
with column structure.

The performance of C-CAV, S-CAV, and MV was
compared by considering airflow pattern, air temperature
distribution, heat removal effectiveness, ADPI, PMV,
and DR. The uniformities of velocity and temperature
within occupied zone were satisfactory in both C-CAV
and S-CAV modes with the ADPI of 80% and 85%,
respectively. The supply air was directly delivered to the
occupied zone without over conditioning the upper zone
of the room. Compared with the conventional MV mode,
the energy required to achieve the same spatial
temperature in the CAV mode was lower, and the
ventilation effectiveness was increased by 14.8% in the
C-CAV mode and 12.2% in the S-CAV mode.

For the C-CAV mode, the PMV corresponds to
category C while DR corresponds to category B of
thermal environment in ISO 7730. It indicated a general
thermal comfort in the occupied zone without local
discomfort caused by draught. The occupants in the S-
CAV mode were also not exposed to draught risk, but
they were subjected to a slightly warm environment
(PMV = 0.75). Further research was needed to
investigate the effects of different parameters such as
supply air temperature, air velocity, and slot outlet width
to determine the optimal configuration of the CAV mode.
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