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a b s t r a c t

A new air distribution pattern, the square column attached ventilation mode, which can be applied to
ventilation and air-conditioning systems in large space buildings, is presented in this work. An experi-
mental method was employed to visualize and investigate the airflow characteristics of this novel
ventilation mode under isothermal conditions. Our results show the behavior of square column attached
ventilation in the form of maximum jet velocity decay, non-dimensional velocity profiles and jet
spreading rate at different supply air velocities. The empirical equations governing these characteristic
parameters were derived and compared with other types of air jets. The results show that the square
column attached ventilation mode is a particular air distribution pattern which combines the advantages
of mixing and displacement ventilation. When using the slot outlet with an aspect ratio of 20, the air
flow can be treated as a conventional plane wall jet, however the velocity decay and jet diffusion in the
occupied zone can be much faster. The obtained results can be helpful in understanding a new air dis-
tributiondsquare column attached ventilation used for ventilation and air-conditioning systems design.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Indoor air distribution determines the diffusion of ventilated air,
therefore, affecting indoor air quality and human comfort. Two
different ventilation patterns are often used to describe air move-
ment within closed environments, namely Mixing Ventilation (MV)
and Displacement Ventilation (DV) [1]. However, MV systems al-
ways exhibit a poor ventilation performance [2], and despite their
largemarket share they have low energy efficiency [3]. On the other
hand, DV also suffers from some drawbacks such as the large ver-
tical temperature difference, the big air supply inlet, and the in-
efficiency in the control of floor level contaminants [4,5]. Besides, to
avoid the draft sensation, DV systems can only meet moderate
cooling loads [6]. To overcome these problems, a series of new
ventilation systems have been studied and used.

Karimipanah et al. proposed the Impinging Jet Ventilation (IJV)
system based on a vertical wall attached mode [7], which has been
widely studied in the following years. Karimipanah et al. focused on
evaluating the performance of an IJV system by comparing it with a
DV system, and they demonstrated that the IJV system can provide
n, 710055 Shaanxi Province,
more effective ventilation and more uniform velocity distribution
in the occupants' zone [8,9]. Chen et al. discussed a number of
important factors influencing the performance of the IJV system
[10]. In addition, they also analyzed the impact of the shape of air
supply device, supply height, supply airflow rate and supply air
temperature on draught discomfort and temperature stratification
in an office environment equipped with the IJV system [11]. Yao
et al. studied the flow behavior of an isothermal impinging jet in a
closed cabin, and improved the performance of the IJV system by
using a multi-scale analysis technique based on empirical mode
decomposition [12].

Melikov et al. developed the Personalized Ventilation (PV) to
control the local building environment [13], and found that PV
combinedwith chilled ceiling can protect occupants from the cross-
infection [14]. Yang compared PV, MV and DV, and found PV sys-
tems have the potential to maintain a healthier environment at
each workstation [15]. With individually controlled micro-
environments, PV also has the potential to satisfy more occupants
[16]. Makhoul et al. used CFD to analyze the energy saving potential
of PV systems, demonstrating that PV reduced energy saving by up
to 13% with respect to a conventional MV system [17]. Furthermore,
the localized air conditioning system reduced energy consumption
by up to 34% using a low-mixing ceiling-mounted PV system [18].
Chen et al. concluded that increasing the ambient temperature is
potentially helpful for the decrease of energy consumption in a PV
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system, and the best results so far have been obtained with an
ambient temperature of 26 �C [19].

Cho et al. studied the formation of Wall Confluent Jets (WCJ)
when circular jets, issuing from different apertures in the same
plane, flow in parallel directions [20]. Compared to conventional
ventilation systems, the effectiveness of ventilation and heat
removal was improved in the WCJ mode [21]. In addition to that,
Janbakhsh et al. studied the flow behavior of isothermal and non-
isothermal WCJ systems in a mock-up office environment,
demonstrating that the WCJ device operating at a lower airflow
supply rate provides greater thermal comfort for the occupant [22].
Arghand et al. found that WCJ systems have higher air exchange
efficiency and are suitable for open-plan offices [23].

Lin et al. provided the Stratum Ventilation (SV) mode, applied in
high temperature air-conditioner systems [24]. Their experimental
and numerical results demonstrated that the flow pattern formed
by stratum ventilation performs well in terms of indoor air quality
(IAQ) in the breathing zone [25]. In such conditions, the occupants
can have the comfortable feeling of cool head and warm feet, with
low draft risk at a room temperature up to 27 �C [26]. With properly
designed air supply parameters, SV can be applied in a room with
multiple rows of occupants [27].

Furthermore, Li et al. [28,29] andYin et al. [30] introduced the Air
CurtainVentilation (ACV) systembased on the verticalwall attached
theory. Cao et al. also investigated an Attached Plane Jet (APJ),
however their jet supply devicewasmounted on the ceiling, in such
a way that the jet flow could attach to both the ceiling and the
vertical wall [31,32]. These new systems can achieve different goals,
including higher ventilation efficiency, larger cooling or heating
capacity, better indoor air quality, or human thermal comfort.

In general, the ventilation modes described above are mainly
used in offices, hotel rooms or, in general, in situations of small
room size and low spatial depth. In large space buildings such as
shopping malls and subway stations, these modified ventilation
modes are not applicable. In most of these buildings, a large portion
of the market is occupied by system based on the stratified air
conditioning mode, or on the air supply by using ceiling mounted
swirl diffusers. Both of them belong to the traditional MV system,
with the inherent disadvantages [33]. However, in order to meet
the requirements deriving from the building structure, lots of
square columns with smooth surfaces are usually distributed
Fig. 1. (a) Airflow schematic of square column attached ventilation and (b) vis
uniformly in large buildings. If ventilation systems were combined
with this kind of columns, it may be possible to avoid the influence
of building structure and room size. Therefore, based on the ad-
vantages of the existing ventilation modes, the square column
attached ventilation (SCAV) mode is presented [34,35].

2. Principle of SCAV

The estimated airflow pattern of the SCAV mode is shown in
Fig. 1a, which is based on the plane wall jet and impinging jet
systems [36]. In order to reveal the airflowmechanism of this novel
mode, a preliminary visual experimental verification was made
under three supply air velocities, as shown in Fig. 1b. According to
the value recommended by ASHRAE 55 [37] for the indoor airflow
design, the air velocity values of 1.0, 1.5 and 2.0 m/s were used. The
supply air velocity was tested according to the method of ASHRAE
70 [38].

As shown in Fig. 1a, the processed air is first delivered from the
ambulatory shaped slot, and then it attaches to the column surface
and moves downward due to the Coanda effect [39,40]. As the air
jet with high momentum approaches the floor, it impinges the
column-floor corner, and then separates from the column surface
and reattaches to the floor. SCAV can be regarded as a mixing
ventilation just before the supply air enters into the occupied zone,
where it spreads over the floor causing the jet momentum to
recede while still having sufficient force to reach long distances.
Furthermore, the air expands in a radial pattern and behaves as a
stratified flow, which is similar to the displacement ventilation to
some extent. Therefore, the SCAV mode combines some of the
characteristics of mixing and displacement ventilation.

These considerations were validated by experimental visuali-
zation. As shown in Fig. 1b, the supply air can be attached to the
square column, which leads to a lower degree of mixing with the
ambient air. The upper fresh air with high capacity can subse-
quently be brought into the lower occupied zone in the most
effective manner, thus contributing to a high ventilation efficiency
and a better IAQ. In addition, with the increase of supply air ve-
locity, the main body thickness of attached supply air becomes
thinner, which corresponds to a lower degree of mixing between
supply air and ambient air, and this is helpful to promote ventila-
tion efficiency. In the occupied zone, the resulting flow by SCAV
ualization experimental verification under different supply air velocities.
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causes the so-called “air lake” or “air pool” phenomenon, which
characterized as a very thin layer of air over the floor. Similarly to a
the DV system, in these conditions a comfortable environment can
be created for the occupants. However, unlike the DV system, the
air diffusers of the SCAVmode are located on the upper space of the
room, which makes them easy to install, and beautiful to display,
while it avoids taking up the space of the occupied zone. Thus, the
SCAV mode combines the benefits of the ceiling mixing and the
wall displacement ventilation systems, demonstrating promising
applications.

The aim of this study is to introduce a new attached ventilation
mode, performing a detailed investigation on its flow field prop-
erties. An air distribution experiment was developed to measure
the typical parameters of airflow characteristics, such as the
maximum jet velocity decay, the non-dimensional velocity profile
and the rate of spread along the attached surface. The test results
also compared with the data available from the literature. The
current study can open the way to further research on the SCAV
mode, helping to improve the air distribution in buildings.

3. Experiment

3.1. Properties of SCAV

To some extent, the airflow characteristics of SCAV are similar to
those of wall jet in the vertical column attached zone and in the
horizontal floor attached zone, and air behaves as an impinging jet
in the column-floor corner [41]. Therefore, the airflow field can be
divided into three regions, as shown in Fig. 1a: (i) the column
attached region, (ii) the impingement region and (iii) the floor
attached region. However, earlier studies have revealed that the air
distribution in the impingement region can be merged with the
other two attached regions [42]. Meanwhile, as the square column
has four surfaces, a junction flow appears when the supply air from
two adjacent surfaces enters the occupied zone. The floor attached
region should thus be further divided into a primary floor attached
region and a confluent floor attached region. In general, the airflow
characteristic study of SCAV will be developed in three regions: (I)
the column attached region, (II) the primary floor attached region
and (III) the confluent floor attached region.

3.2. Test chamber and facilities

The experiment was carried out in a chamber with size of
Fig. 2. (a) Layout of the SCAV test r
6.6 m � 6.6 m � 3.15 m (L � W � H), as shown in Fig. 2a. A fabric
curtain covers on the chamber wall, in order to provide a black
background to visualize the white smoke in the visualization
experimental. The existed fabric curtain didn't have influence on
the airflow patterns. Conversely, in the velocity fieldmeasurements
process, the fabric curtain is removed. The square column, with a
size of 1.0 m � 1.0 m � 2.5 m (l � w � h) is located at the center of
the room. There is an air supply device (2.5 m � 0.5 m � 0.5 m) on
the top of column, which is built to improve the outlets uniformity
by introducing partition plane and perforated plane. These planes
can convert the dynamic pressure of the supply air to static pres-
sure. Four linear slot outlets are located at the bottom of this device,
with an aspect ratio of 20, corresponding to a length l of 1.0 m and a
width b of 0.05 m. The vertical distance between the slot outlets
and the floor is 2.5 m (ceiling height). In this experiment, the air
from the slot was supplied by a centrifugal fanwith an air volume of
2000 m3/h, and the supply air velocity was regulated by a throttle
valve, as shown in Fig. 2b.

Before the velocity field measurements, the uniformity among
the four slot outlets was tested. The results show that with the help
of the rectified device, the outlet velocities from the four slots are
similar to each other, with a deviation ranging from 1.8% to
7.3%.Under three supply air velocities of 1.0, 1.5 and 2.0 m/s, the
non-uniform coefficients of air speed along the slot length direction
are 7.26%, 7.38% and 7.72%, respectively. Therefore, the air supply
device can meet the uniformity requirement of the slot outlet air
supplying, allowing to focus on a single slot outlet for the next parts
of this research.

The distribution of the measurement points is shown in Fig. 3a.
According to the properties of SCAV, the velocity field tests were
carried out throughout three regions. In order to investigate the
three-dimensional characteristics of the SCAV mode, the measured
points in each region were distributed along three directions.
Fig. 3b represents the measuring point layout of the column
attached zone (Region I). The measurement points were set with a
non-uniform interval in the airflow direction (y-axis), and with a
uniform interval of 0.1 m and 0.04 m in the transverse (z-axis) and
radial direction (x-axis), respectively. For the floor attached zone
(Regions II and III), the measuring point layout schemes are shown
in Fig. 3c and d.

3.3. Measurement conditions

As discussed above, the main purpose of this work is to
oom and (b) air supply system.



Fig. 3. Schematic view of experimental measurement points distribution (a) overview, (b) region I, (c) region II and (d) region III.

Table 1
Experimental conditions for isothermal airflow.

Case Average slot velocity (m/s) Supply airflow volume (m3/s) Ventilation rate (times/h) Supply air temperature (�C) Room air temperature (�C) Reynolds number (slot)

1 1.0 0.21 7 23.7 ± 0.3 23.7 ± 0.3 3333
2 1.5 0.32 11 24.5 ± 0.3 24.5 ± 0.3 5000
3 2.0 0.42 14 24.0 ± 0.3 24.0 ± 0.3 6666
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introduce the SCAV mode, in order to obtain some airflow charac-
teristics for engineering design, where the isothermal condition is
also useful. When used in non-isothermal condition, some correc-
tion factors can be introduced by further study. At present, all the
cases were measured in undisturbed isothermal conditions, as
shown in Table 1.

In order to obtain the accurate time-averaged results for the
turbulent airflow, the acquiring period for each measured point
was 180 s [43]. Besides, every experimental case was measured
three times. When themeasured datawas similar to each other, the
arithmetic mean of these values was used for analysis and
presentation.

3.4. Measuring instrument and accuracy

Air velocity was measured using a multi-point sampler system
manufactured by the SWEMA company from Sweden. This system
is equipped with omni-directional draught probes of type SWA 03,
which can simultaneously measure the velocity and the
temperature. For the velocity, the test range is 0.05e3.00 m/s with
an accuracy of ±0.02 m/s at 0.07e0.50 m/s and ±0.03 m/s at
0.50e3.00 m/s. For the temperature, the test range is 10e40 �C m/s
with an accuracy of ±0.1 �C. The pressure was measured in the
supply duct using a probe of type SWA 10. The test range of this
probe is e300e1500 Pa with an accuracy of ±1% read value and
minimum of 0.3 Pa. All the probes were calibrated by the manu-
facturer before the measurements to ensure their accuracy. The
results showed that in the testing range of 0.05e2.0 m/s presented
in this experiment, the maximum deviation of SWA 03 was
0.012 m/s, which can meet the accuracy requirements.

4. Results and discussion

4.1. Maximum jet velocity decay

Fig. 4 shows the decay of maximum velocity of the SCAV mode
under different supply air velocities in region I, compared with
empirical equations for other types of air jets with a slot outlet,



Fig. 4. Non-dimensional maximum velocity decay in region I and comparison with
other jets.

Fig. 5. Non-dimensional maximum velocity decay in region II and comparison with
other jets.

H. Yin et al. / Building and Environment 109 (2016) 112e120116
such as the horizontal plane wall jet developed by Rajaratnam [44]
and ASHRAE [45], and the vertical wall attached plane jet intro-
duced by Yin et al. [30].

As shown in Fig. 4, the maximum velocity decay is similar for
different slot velocities in region I, while the magnitude of the
maximum velocity is proportional to the distance from the slot.
Thus, the maximum velocity decay for SCAV can be expressed as:

umðy�Þ
u0

¼ 1:24
�
y�

b

��0:25

; R2 ¼ 0:96 (1)

where um(y*) is the local maximumvelocity at a distance of y* from
the slot outlet, u0 is the slot velocity, and b is the width of the slot.

This expression is very similar to the empirical equation used for
the vertical wall attached plane jet (l/b ¼ 2.0/0.05 ¼ 40). Since the
slot aspect ratio of the SCAV mode is 20, the airflow can be treated
as a two-dimensional wall jet, thus allowing to neglect the influ-
ence of slot length. Meanwhile, the effects of airflow convergence
from different column surfaces are limited in region I, and in the
whole process of attached airflow, the measured data are approx-
imately in agreement with the values calculated from empirical
equation.

For a horizontal plane wall jet, the form of the empirical equa-
tions given by Rajaratnam and ASHRAE are similar, differing only by
the throw constant. Yu et al. [46] reviewed this aspect in the
available literature, finding that the value of the throw constant is
located within the range 2.20e3.68 in the developed zone. In the
SCAV mode, the developed zone corresponds to the ratio range
13 � y*/b � 39, and the equation for this zone is given by the
expression (2), where the throw constant 2.69 lies in the range
derived by Yu. In other words, the airflow characteristics of SCAV
can be treated as a traditional plane wall jet in region I, where the
influence of jet momentum is more important than that of gravity.

umðy�Þ
u0

¼ 2:69
�y�
b

��0:5
; R2 ¼ 0:88 (2)

Fig. 5 shows the maximumvelocity decay of the SCAVmode and
other types of air jets in region II. The ventilation patterns used for
comparison include, the IJV mode given by Karimipanah et al. [8]
that uses a sidewall mounted semicircular or rectangular outlet,
the WCJ mode developed by Cho et al. [20] when circular jets
issuing from different apertures in the same plane flow in parallel
directions, and the ACVmode introduced by Yin et al. [30] that uses
a sidewall mounted slot outlet.
As shown in Fig. 5, the maximum jet velocity decay obtained at

different slot velocities in region II is also very close to each other.
The expression for the decay of maximum velocity in the whole
region can be given as:

umðxÞ
u0

¼ 0:195þ 0:186 exp

"
� 2

�
x=b� 13
23:93

�2
#
; R2 ¼ 0:92

(3)

where um(x) is the local maximum velocity at a distance of x from
the column-floor corner, as shown in Fig. 3c.

This expression is more complicated than expression (1) due to
the existence of a speed-up process which occurs at a distance of
5 � x/b � 13. Previous studies have revealed that the air velocity
distribution in the corner is nearly symmetric, which means that
the maximum jet velocity before the corner is approximately equal
to the jet velocity behind it [47]. In region I, the value of maximum
jet velocity gradually decreases as the airflow approaches the
corner, and a speed-up process subsequently occurs at the begin-
ning stage of region II. Yin et al. also discovered this phenomenon,
and predicted the maximum velocity decay by using a Giddings
function.

The empirical equations given by Karimipanah and Cho tend to
provide inaccurate predictions for the maximumvelocity decay at a
distance of 5 � x/b � 13, since they are mainly used in the devel-
oped zone, and thus cannot account for the speed-up process. For
the SCAV mode, the developed zone is approximately found in the
range 15� x/b� 45, and the equation for this zone can be expressed
as:

umðxÞ
u0

¼ 1:69
�x
b

��0:55
; R2 ¼ 0:96 (4)

On the other hand, the air diffuser type also has a strong influ-
ence on the maximum jet velocity decay. By comparison with that
in Fig. 5, we can conclude that the jet momentum by using an
aperture confluent outlet is closer to being conserved than in the
case of other air diffuser types, such as semicircular outlet, rect-
angular outlet and slot outlet. In addition, in region II, the SCAV
mode using four slot outlets has a larger spreading rate than the
ACV mode using a linear slot outlet, which however is helpful for
avoiding the draft sensation in the occupied zone. Furthermore, in
region I, the maximum velocity decay of the SCAV and the ACV
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modes is similar, which means that the fresh air brought into the
occupied zone, as well as its capacity, is virtually the same in the
two modes. Thus, the square column attached ventilation system
produces a better ventilation effectiveness than the air curtain
ventilation mode.

Fig. 6 displays the comparison between the maximum jet ve-
locity decays in regions II and III. The velocity distribution is similar
in the two regions, with the presence of a speed-up process in
confluent floor attached region as well, and the decay of maximum
velocity in this region can be given by expression (5), while in the
developed zone it can be described by expression (6).

umðx*Þ
u0

¼ 0:102þ 0:287 exp

"
� 2

�
x*=b� 10
42:49

�2
#
; R2 ¼ 0:98

(5)

umðx*Þ
u0

¼ 3:84
�
x*
b

��0:8
; R2 ¼ 0:94 (6)

where um(x*) is the local maximum velocity at a distance of x*, and
x* is the horizontal distance from the column-floor corner,
extending along the room diagonal direction, see Fig. 3d.

By contrast, at a distance of 5 � x*/b � 40, the magnitude of the
maximumvelocity in region III is larger than that in region II, due to
a jet convergence phenomenon. The supply airflow from two
adjacent column surfaces converges on the jet boundary with an
angle of 45�, and the maximum velocity in region III increases with
the mixing of different supply airflows. At a distance of x*/b > 40, a
significant proportion of supply air spreads over the floor, which
causes the amount of gathering airflow to reduce rapidly. As a
consequence, the maximum velocity decay for region III is faster
than that for region II, which however is beneficial for avoiding
human draught, indicating that this zone may be a good candidate
to host resting seats.
4.2. Non-dimensional velocity profiles

A planewall jet is generally defined as issuing from a slot of very
large aspect ratio (i.e. l/b� 20), where any lateral change in the flow
properties occurs in a plane normal to the slot length only [48]. For
the SCAV mode, the slot outlet aspect ratio is 20 (1.0/0.05). The
measured velocity profiles at different air supply velocities are
collected and compared with the equations developed by Verhoff
Fig. 6. Comparison of non-dimensional maximum velocity decay between regions II
and III.
[49], Schwarz and Cosart [50] respectively, as shown in Figs. 7e9.
Here, u(x) denotes the local velocity at a distance x from the slot
outlet at a different height normal to the column surface, u(y) in-
dicates the local velocity at a distance y from the column-floor
corner at a different height normal to the floor, h is equal to x/b0.5
in region I and y/b0.5 in regions II and III, and b0.5 is the value of x or y
at which the velocity u is half its maximum velocity um.

Fig. 7 presents the velocity profiles distribution in region I at
different vertical distances from the floor. The dimensionless ve-
locity profiles in the fully developed region are the same as those of
a plane jet. The measured velocity profiles are similar to each other
and exhibit a Gaussian error curve. In addition, with increasing
supply air velocity, the jet velocity profiles become increasingly
self-similar. The column surface can 'protect' the supply airflow and
reduce the entraining of ambient air, so that a higher ventilation
efficiency can be obtained.

The empirical equations of Verhoff and Schwarz for a horizontal
plane wall jet are also plotted on Fig. 7 for comparison. The
measured velocity profiles present good correlation with the two
equations. However, the most significant agreement is found be-
tween the experimental data and Verhoff equation, which can be
used for predicting the velocity profile of the SCAVmode in region I.

The same procedure is repeated for the floor attached zone as
shown in Figs. 8 and 9, which display the empirical equations and
the experimental velocity profile results of region II and III,
respectively.

As shown in Figs. 8 and 9, for the floor attached zone, a similar
non-dimensional velocity profile also appears at different distances
from the impinging corner. However, the self similarity of the
different velocity profiles in the floor region is not as good as in the
vertical region. Under a lower supply air velocity of 1.0 m/s, the
dissimilarity characteristics are mainly due to the low momentum,
as the supply air does not have sufficient force to spread over the
floor and reach a long distance. For a higher velocity of 2.0 m/s, the
different similarity characteristics are caused by a stronger
impinging on the column-floor corner. In general, the self-
similarity of the jet velocity profiles can be enhanced by a higher
supply air velocity. The equation given by Verhoff is more accurate
than Schwarz's equation in this case as well, and it can be used for
predicting the velocity profile of the SCAV mode in the floor
attached zone of regions II and III.
4.3. Jet spread rate

In order to calculate the jet spread rate, we considered the line
representing b0.5, to characterize the thickness of thewall jet. Fig.10
shows the measured values of b0.5 at different distances from the
slot supply opening in region I, and compared with data obtained
from empirical models available in the literature. These models
include the horizontal plane wall jet developed by Rajaratnam [44],
the impinging jet provided by Beltaos and Rajaratnam [41], and the
vertical wall attached plane jet introduced by Yin [42]. The same
procedure is repeated for the other two regions, and the corre-
sponding results are presented in Figs. 11 and 12.

As shown in Fig. 10, the supply air velocity has little influence on
the jet spread rate, the measured values b0.5 being nearly the same
at different distances. We performed a best line fit through the
measured values under different supply air velocities in region I,
obtaining the following relation

b0:5 ¼ 0:091ðy*þ 0:75Þ; R2 ¼ 0:99 (7)

The spreading rate of SCAV mode is 0.091, which is very close to
the spread rate obtained by Beltaos and Yin, who considered the
airflow direction to be the same as that of gravity. By contrast, in the



Fig. 7. Non-dimensional velocity profiles distribution in region I.

Fig. 8. Non-dimensional velocity profiles distribution in region II.

Fig. 9. Non-dimensional velocity profiles distribution in region III.
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horizontal plane wall jet developed by Rajaratnam, gravity is al-
ways perpendicular to the direction of airflow motion. This is
helpful to reduce jet diffusion, leading to a lower value of 0.068 for
the spreading rate. In addition, the vertical wall attached plane jet is
also based on the principle of the impinging jet, which means that
the airflow characteristics of the SCAVmode can be studied as a half
of a traditional impinging jet.

As shown in Fig. 11, due to the existence of a speed-up process in
the floor attached zone, at first there is a jet shrinkage at a distance
of 7� x/b � 20, and then jet diffusion occurs at a distance of 20� x/
b � 47. Thus, the measured values of b0.5 decrease at first and then
increase, however the measured values under different supply air
velocities can also be fitted well with the following expressions.

b0:5 ¼ �0:18ðx� 1:61Þ; R2 ¼ 0:99 7 � x=b � 20 (8)
b0:5 ¼ 0:101ðxþ 0:24Þ; R2 ¼ 0:98 20 � x=b � 47 (9)

The same phenomenon was also obtained by Yin, who found a
lower spreading rate with respect to the SCAV mode due to the
much faster decay of supply airflow by using the SCAV mode in the
occupied zone, as displayed in the configuration in Fig. 5. In addi-
tion, comparison with the results from Rajaratnam and Beltaos in
the developed zone also shows that the jet diffusion of the SCAV
mode is the fastest. Meanwhile, compared with the traditional
impinging jet, the confinement effect of the column square in the
SCAV mode is significant, so that the jet thickness after turning to
horizontal direction is smaller than in a free impinging jet. In the
current situation, this is more helpful for a uniform diffusion of
supply air in the occupied zone.

As shown in Fig. 12, a jet shrinkage phenomenon also occurs in
the confluent floor attached region, but the operating distance is



Fig. 10. Spreading rate in region I and comparison with other jets.

Fig. 11. Spreading rate in region II and comparison with other jets.

Fig. 12. Comparison of spreading rate between regions II and III.

H. Yin et al. / Building and Environment 109 (2016) 112e120 119
slightly longer than that of region II. The fitting lines also showgood
agreement with the measured values under different supply air
velocities in region III, and the jet spread rate equation for this zone
can be expressed as
b0:5 ¼ �0:196
�
x* � 1:76

�
; R2 ¼ 0:9110 � x*

�
b � 24 (10)

b0:5 ¼ 0:106
�
x* � 0:05

�
; R2 ¼ 0:9824 � x*

�
b � 60 (11)

The rate of spread and jet thickness in the two regions are
similar to each other, thus, when the supply airflow impinges the
column-floor corner and turns into the floor direction, it can spread
over the floor at different directions and travel as a plane jet. The
resulting flow by SCAV can actually generate the “air lake” or “air
pool” phenomenon in the occupied zone, which is promising in
terms of applications as discussed in the previous sections.

5. Conclusions

The airflow characteristics of square column attached ventila-
tion (SCAV) were investigated experimentally under isothermal
conditions. The results show that the flow field of the SCAV mode
can be classified into three regions: the column attached region, the
primary floor attached region and the confluent floor attached re-
gion. The empirical equations for the decay of maximum velocity,
the non-dimensional velocity profiles and the rate of jet spread in
these regions were obtained and compared with empirical solu-
tions for similar jets taken from the literature. Based on the
experimental results and on such comparisons, the following
conclusions can be drawn:

The present study shows that the SCAV mode combines the
benefits of traditional mixing with those of displacement ventila-
tion systems, and its air distribution can be used for ventilation and
air-conditioning systems, especially in the case of large space
buildings.

In the column attached region, the comparison of air distribu-
tionwith other jets shows a similarity between the features of SCAV
and of wall jet. The supply air issuing from a slot with an aspect
ratio of 20 can be treated as a conventional two-dimensional plane
jet.

In the primary floor attached region and in the confluent floor
attached region, the airflow travels as a plane jet and its charac-
teristics are similar in both regions. As a result, a uniform distri-
bution of supply air can be created in the occupied zone. After the
supply air impinged the column-floor corner, a comparison with
other jets shows that the maximumvelocity decay and jet diffusion
of the SCAV mode can be much faster, which is helpful for avoiding
human draught in the occupied zone.

The supply air velocity has little influence on the airflow pattern,
but under a higher velocity, more fresh air can enter the occupied
zone and spread over a sufficient distance on the floor, which
contributes to a better IAQ and a higher ventilation efficiency.
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