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Using the impinging jet ventilation system (IJV), it is possible to accomplish high ventilation effectiveness within
the occupied zone. Since the supplied air spreads along the floor, the flow feature is assumed to have a large
impact on the whole room environment. To understand this, the jet’s velocity profile was measured using a
hotwire anemometer under isothermal conditions and particle image velocimetry (PIV) under isothermal and
cooling conditions. Firstly, the velocity and turbulence intensity of the supply jet were measured to be around 2.8
m/s and 9.8%, respectively. Secondly, the maximum velocity decay and jet half-width expansion were shown.
Thirdly, the relationship between measured dimensionless radial velocity and dimensionless height was shown to
have a good agreement with Verhoff’s equation and the free turbulent jet’s equation in most of the regions,
regardless of the angle from the wall. Fourthly, the velocity profiles at the central cross-section measured by the
hotwire anemometer and PIV are almost the same in the region sufficiently far from the supply duct. Finally, the
velocity profiles under isothermal and cooling conditions measured by PIV were practically the same; therefore,

it is assumed that the findings listed above can also be applied to cooling conditions as well.

1. Introduction

Since HVAC occupies a large portion of the energy usage in the
building sector, it is important to install a system with high ventilation
effectiveness. One of the examples of a high-ventilation effectiveness
system is the impinging jet ventilation system (IJV) [1]. In IJV, the air is
supplied through the duct toward the floor, and once the air impinges on
the floor, it moves along the floor (see Fig. 1) until the air is warmed up
by heat sources. In this system, it is preferable that the sources of the
contaminant and heat are the same; otherwise, the ventilation effec-
tiveness may be compromised. After the supplied fresh air reaches the
heat and contaminant source, the thermal plume around the source will
move the heat and contaminant up to the upper region of the room.
Therefore, a temperature and contaminant concentration gradient will
be formed inside the room, and the air in the occupied zone is main-
tained fresh and cool.

Karimipanah et al. [2,3] introduced IJV by adopting the impinging

jet to the ventilation field. Until then, the impinging jet itself was studied
through theoretical and experimental approaches. The impinging jet’s
velocity profiles were reported by Bradshaw et al. [4] in 1959, Tsuei
etal. [5] in 1963, Poreh et al. [6] in 1967, and Karimipanah et al. [7] in
1994. They reported measured results of the impinging jet flow char-
acteristics and compared the findings across several geometrical con-
figurations, such as radii, supply opening diameter, and supply velocity.
When observing the jet after impingement, the flow features are ex-
pected to resemble those of a radial wall jet; therefore, it is valuable to
review the research concentrating on its flow characteristics. The radial
and two-dimensional wall jets were studied by Glauert [8] in 1956,
Bakke et al. in 1957 [9], Verhoff in 1963 [10], and Tanaka in 1978 [11].
In addition, Rajaratnam [12] summarised the theoretical basis and
experimental results of various jets, including impinging jets and wall
jets, in his literature. Among all the research mentioned above, jet
similarity is demonstrated, and some equations for the regression curves
are introduced for the velocity profiles [8,10]. It must be noted that the

Abbreviations: 1JV, Impinging jet ventilation; PIV, Particle image velocimetry; CFD, Computational fluid dynamics.
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(a) Cooling operation (b) Heating opeartion

Fig. 1. Visualised impinging jet flow along the floor in the pilot experiment.

geometry of the openings and nozzles is not applicable (too small) for
ventilation. Conversely, in atmospheric fields, Canepa et al. [13] re-
ported the measured results of the impinging jet velocity of a
downburst-like flow field through a scaled model experiment. However,
its scale was too large for adoption in the ventilation field.

Karimipanah et al. [1] measured the velocity profiles along the floor
of the 1JV supply outlet. The supply outlet area was set to be 0.094 or
0.117 m?, and the velocity profiles were measured at three angles: the
planes, which are 30, 60, and 90 degrees from the wall. They introduced
the equations for the maximum velocity decay and jet width expansion
as a function of radial coordinate. Varodoumpun et al. [14] measured
the vertical velocity profiles of an impinging jet discharged from a round
duct with a diameter of 0.3 m. The measurement was conducted at the
planes that are 0, 30, 60, and 90 degrees from the walls. The location of
the supply outlet was also changed as a parameter (at the centre of the
wall or the corner of the room). However, the number of measurement
points in the vertical direction was limited so that the velocity decrease
in the boundary layer was not captured in the experiment. They [15]
also investigated the effect of inlet velocity profiles on the impinging jet
velocity profiles by computational fluid dynamics (CFD).

Kobayashi et al. [16] measured the velocity profiles around the
semicircular duct supply terminal with a diameter of 0.3 m mounted on
a wall. The measurement was conducted using the I-type hot wire
anemometer and 3D ultrasonic anemometer under non-isothermal
conditions. The measured results were almost the same, and it was
shown that the direction of the mainstream velocity vector was almost
horizontal and radial at the measurement points farther than 0.4 m from
the walls. Li et al. [17] investigated the jet flow feature of an air dis-
tribution system that supplies the air at the top of a cylindrical column
from a doughnut-shaped slot outlet. They conducted a scaled-model
experiment and measured the velocity along both the column and the
floor by the 2D-PIV (particle image velocimetry) technique. They also
compared the velocity profiles with the empirical equation for jet along
the wall by Verhoff [10]. In addition, Yang et al. [18], Chen et al. [19,
20] compared the impinging jet with different supply outlet shapes by
CFD analysis. Han et al. [21] experimentally and numerically investi-
gated the velocity profiles of wall-attached ventilation systems, who has
a similar supplied air flow pattern.

After more than a decade since the introduction of the IJV’s concept,
the temperature distribution and ventilation effectiveness within the
room have been actively studied to date. Additionally, the IJV is often
compared with the displacement ventilation systems [22-26], another
example of a high-ventilation effectiveness system. Nielsen proposed
that those systems can be interconnected with each other by the idea of
“family tree” [27]. The air distribution features of IJV were experi-
mentally and numerically investigated in full-scale models in previous
studies [1,16,28,29]. In addition, it was shown that IJV can prevent the
over-cooling around the floor, while displacement ventilation has higher
ventilation effectiveness.

Unlike displacement ventilation systems, IJV is known to apply to
heating conditions due to the relatively large supply momentum.
Yamasawa et al. [30] compared the heating performance and ventilation
effectiveness between 1IJV and DV by a full-scale experiment. Ye et al.
[31,32] presented that it is advantageous to install IJV rather than the
mixing ventilation in terms of the heating efficiency. Ye et al. [33] also
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claimed that the warm air spreading distance in IJV will not exceed 12 m
for any nozzles.

The indoor environment with IJV under both cooling and heating
conditions has been studied in terms of ventilation effectiveness in the
previous works [1,34-39]. On the other hand, the velocity profiles under
different temperature settings have not been sufficiently studied by
experiment to date, due to its difficulty in measuring. The supplied jet
flow along the floor plays an important role in a room with an IJV.
However, the studies that investigated the impinging jet flow feature as
an air distribution system in a full-scale experimental setup under
non-isothermal conditions [1,14,19,40] are still limited. Therefore, a
more detailed experimental investigation is required to fully understand
the jet flow features. In addition, not only the jet flow feature after the
impingement, but also the velocity and turbulence statistics at the inlet
duct are acquired as a reference for the boundary conditions when
conducting CFD analysis. A full-scale experiment is conducted to obtain
the velocity profiles of the impinging jet, and the results are discussed in
the present paper.

To provide fundamental data for researchers investigating the indoor
environment with IJV under both isothermal and cooling conditions,
velocity measurements are carried out in a full-scale experimental
chamber, and the velocity profiles along the floor are reported in the
present paper. The present research mainly aims to (i) provide the tur-
bulence statistics of the supply jet in IJV, (ii) understand the jet flow
features at different cross-sections, and (iii) understand the jet flow
features under different temperature settings. The hotwire anemometer
was chosen to measure the velocity profiles under isothermal conditions
owing to its accuracy and short time constant (Aim-(i) and (ii)). Mean-
while, the hotwire anemometer can cause some errors due to its mea-
surement principle under non-isothermal conditions. The jet along the
floor includes the area where the velocity and temperature fields change
complexly over time. Therefore, it is difficult to measure the tempera-
ture and velocity of the jet flow simultaneously at the same place.
Additionally, it is also difficult to measure the temperature with high
frequency, as with velocity measurement. Therefore, in such environ-
ments, either temperature compensation must be applied, or an alter-
native measurement device must be chosen. (Aim-(iii)); hence, the PIV
technique was carried out. The results obtained under different tem-
perature settings using PIV are to be compared to understand whether
the obtained results under isothermal conditions using the hotwire
anemometer can also be applied for the cooling conditions. In addition,
(iv) the difference in measured results among applied measurement
techniques is to be discussed as well. Consequently, the measurement
results by PIV will be validated by the hotwire anemometer under
isothermal conditions, to support the findings in Aim-(iii).

2. Methodology

To understand the flow feature of the supplied jet in IJV, the velocity
profile of the supplied jet moving along the floor is measured in a full-
scale experimental chamber. As mentioned above, this paper aims to
provide (i) the turbulence characteristic of the supply jet, (ii) understand
the jet flow feature at different angles, and (iii) understand the jet flow
feature under different temperature settings, i.e., whether the obtained
results under isothermal conditions can also be applied to the cooling
conditions or not. In addition, (iv) the velocity profiles obtained by a
hotwire anemometer and PIV are to be compared as well.

The hotwire anemometer was chosen for the measurement under the
isothermal condition to obtain a detailed and accurate velocity profile.
However, given the possible experimental error caused by differences in
temperature between measured and calibrated conditions, this equip-
ment has a limitation for use under non-isothermal conditions if tem-
perature compensation was not applied. Namely, the temperature
compensation element is located at the back of the equipment; however,
the airflow temperature around the probe can differ from that around
the equipment. Therefore, due to this possible experimental error, the
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particle image velocimetry (PIV) was chosen for the measurement under
non-isothermal conditions, i.e., cooling conditions. To verify the accu-
racy of PIV, the PIV measurement was conducted under isothermal
conditions as well. The results of the hotwire anemometer and PIV under
isothermal conditions are to be compared and discussed in Section 3.

The vertical velocity profiles were measured at the plane that is
perpendicular to a wall and passes through the centre of the wall (central
cross-section). Karimipanah et al. [1] reported that the velocity profile
varies depending on the angle from the wall; however, the number of
measurement points was limited. Therefore, the velocity profiles were
additionally measured at the planes that are 0°, 45° and 90° from the
central cross-section (0°) by a hotwire anemometer with more dense
measurement points than the previous study [1].

Section 2.1 describes the general room setups, Section 2.2 describes
the velocity measurement methodology by hotwire anemometer under
isothermal conditions over the supply plane and flow along the floor at
different angles, and Section 2.3 describes the methodology of velocity
measurement along the floor by PIV under non-isothermal conditions.

2.1. General room setups and experimental procedure

The measurement was conducted in an experimental chamber with a
dimension of 5.00 x 5.45 x 2.77 (H) m, shown in Fig. 2. The experi-
mental chamber is in the main laboratory, i.e., the chamber itself is
located indoors so that the effect from the outdoor temperature is
limited. As shown in the figure, there was another chamber (OC: outdoor
chamber) next to the target chamber, which is for simulating the heat
loss through the external wall in practice by changing the temperature
inside. The air inside OC is warmed up under the cooling conditions, and
the air-conditioning system (see Section 2.3 for details) is turned off
under isothermal conditions. The wall between the target chamber and
OC is insulated when conducting the measurement by hotwire
anemometer, whereas it is not insulated when conducting the mea-
surement by PIV under non-isothermal conditions. On the other hand,
all the other walls were always insulated.

Inside the target chamber, a supply round duct with a diameter of
0.15 m was mounted in the centre of the wall on the OC side, and the
height of the supply duct end was set to be 0.6 m above the floor. The
supplied air flow rate was regulated using the volume damper, and the
flow rate was estimated by the differential pressure between before and
after the orifice flow meter (Iris damper, Continental Fan) installed at 1
m before the supply terminal. On the other hand, an exhaust outlet is
mounted almost in the middle of the ceiling. The air-conditioned air is
supplied through the supply duct with a ventilation rate of 180 m®/h,
which accounts for the mean velocity of 2.8 m/s through the supply inlet
duct. The HVAC systems were maintained in the same condition for a
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sufficient time to obtain the steady-state velocity profiles.

2.2. Measurement by a hotwire anemometer under isothermal conditions

The measurement was first conducted using a hotwire anemometer
with an I-type probe (0251 R-T5, Kanomax), where the obtained ve-
locity is the composite velocity of two velocity components. The mea-
surement data were stored in a data logger (NR-500, Keyence) at a
frequency of 1.0 kHz for one minute, i.e., 60,000 data points for each
measurement point. The measurement aimed to obtain the turbulence
statistics at the supply jet (inlet boundary) and to understand the jet flow
feature along the floor with different angles. The measurement points of
the hotwire anemometer are shown in Fig. 3. The velocity profile of the
supply jet inlet was measured at the central cross section, from —0.06 to
0.06 m from the centre of the duct at an interval of 0.01 m. Fig. 3(e)
depicts the area used for calculating the area-weighted average of
measured results. The methodology to calculate the turbulence statistics
is summarised in Section 2.4.

The velocity profiles along the floor were measured at 0.2 - 1.0 m
horizontally from the centre of the inlet duct in the radial direction,
whereas, in the vertical direction, the measurement points are set at
0.002 - 0.2 m above the floor. Additionally, the velocity profiles were
measured in the planes where 0°, 45°, and 90° from the central cross-
section of the test chamber, and here, the planes are to be called
Plane-00, Plane-45, and Plane-90, respectively.

The measurement setups were mounted on a 2D traverser and moved
vertically and horizontally when changing position. However, to avoid
the interaction of the target jet and the traverser, the traverser was set on
a steel frame with four legs, as shown in Fig. 4. It must be noted that the
measurement was conducted under an isothermal condition. The sup-
plied air temperature was maintained at 22 °C, and the wall between the
target chamber and OC was insulated by installing polystyrene foam on
the wall in OC.

2.3. Measurement by particle image velocimetry (PIV) under non-
isothermal conditions

The velocity profiles along the floor under both isothermal and non-
isothermal conditions were measured using the PIV technique. It must
be noted that the measurement was only conducted in the central cross-
section. The experimental settings are summarised in Table 1. To
simulate the heat loss through external walls during the measurement by
PIV, the air temperature inside OC was controlled by using three oil
heaters (Max 1.2 kW each) in OC under cooling conditions. Additionally,
the air within OC was sufficiently mixed with five fans. The air tem-
perature within OC was controlled to achieve an exhaust air temperature

=

o
“@

< Outdoor chamber/
(0C)

Volume damper

Exhaust outlet

Outdoor chamber (OC)
oExhaust outlet

5.0m

Isothermal: Insulated ., @
Cooling: Not insulated Oil heater

Mixing fan

(a) Plan view

Fig. 2. Setups of the experimental chamber.
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Fig. 3. Measurement points for hotwire anemometer.
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turbulence characteristic at supply jet

Fig. 4. Configuration of hotwire anemometer setups for each measurement.

Table 1
The temperature settings in each condition.
Isothermal Cooling
Supplied air 22.0°C 20.0 °C
OC air 19.6 °C 35.6 °C
Exhaust air 21.9°C 27.8°C

to be around 27-28 °C under cooling conditions. On the other hand, the
exhaust and supplied air temperatures were maintained at approxi-
mately 22 °C, which is consistent with the experiment with the hotwire
anemometer. To achieve the conditions, the supplied air temperature is
controlled at 22 °C and 20 °C under isothermal and cooling conditions,

respectively.

The measurement setups for PIV are depicted in Fig. 5. The velocity
profiles along the floor, extending from the vicinity of the inlet to 1.0 m
away from the inlet duct centre, were obtained using PIV measurements.
To achieve a detailed velocity profile around the supply terminal, the
PIV system’s CMOS camera was positioned close to the filming area;
however, this results in reduced filming coverage and interaction with
the target jet. Consequently, measurements were repeated at three po-
sitions, as illustrated in the figure, and the results at these three positions
are connected in the final step. The filming coverage was adjusted to
encompass an area of 0.43 x 0.57 m at the central cross-section. The
camera was mounted on a 2D traverser and moved horizontally when
changing position.
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Supply terminal

(a) Overview
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(b) Plan view

Area of interest

dimentions in: [m]

(c) Central cross section

Fig. 5. Measurement setups of PIV.

The airflow was visualised by smoke injected in the vicinity of the
supply terminal, while the airflow feature at the central cross-section
was illuminated by a pulsed laser sheet. Table 2 provides a summary
of the PIV measurement method. A double-pulse laser was controlled to
irradiate twice within a short time interval (2.0 x 1073 s), and a pair of
photos of the visualised airflow was captured simultaneously by syn-
chronizing the camera. Subsequently, the instantaneous velocity profile
is analysed based on these two photos. The direct cross-correlation
method [41-43] was applied for the analysis, employing the recursive
correlation technique. By detecting a correlation peak within each
interrogation window and averaging instantaneous velocity components
calculated from a spatial shift within a known time interval, a 2-D
time-averaged velocity profile was obtained. This data set was
sampled every 0.1 s (frequency = 10 Hz) for 10 s; thus, 100 pairs of
photos were collected each time. This process was repeated six times at
the same location, and the mean velocity profile was derived by aver-
aging these results over a total of 60 s.

Since the smoke was not injected into the supply terminal but into
the ambient region, there was no smoke in the potential core. This
strategy was adopted because the primary focus of the present experi-
ment is the jet region along the floor after the impingement. The velocity
profile of this jet could not be adequately analysed when the smoke was
injected into the supply terminal during the pilot experiment (Fig. 1),
despite the jet region along the floor being of interest. It seemed that the
smoke was fully mixed in the duct and that there was no illuminance
distribution within the potential core in the pilot experiment. Conse-
quently, smoke was generated through aligned small tubes above the jet,
as shown in Fig. 6, allowing the jet to induce the smoke, which leads to a
non-uniform luminance distribution in the region of interest. However,
it must also be noted that in the current experimental configuration, the
mainstream of the supplied jet before impingement on the floor could
not be visualised, as depicted in the figure.

Table 2
PIV measurement method.

Camera Imager ProX 2 M, Lavision
Laser Nd:YAG laser: DPIV-L50
Seeding Smoke

Image size 1600 x 1200 pixels

Filming coverage Approx. 0.57 x 0.43 m

Laser output 50 mJ/pulse

Sampling frequency 10 Hz

Sampling time 10 s x 6 times = 60 s in total
Time interval of double-pulse laser irradiance 2.0 x 10735

PIV software Davis 8.3

Method Direct cross-correlation method
Interrogation window size 32 x 32 pixels
Overlap 50 %

1JV supply terminal (duct)
\

Fig. 6. Seeding of smoke for PIV around the supply terminal.
2.4. Calculation of turbulence statistics

The estimation method for the turbulence statistics (turbulence ki-
netic energy k, turbulence energy dissipation rate ¢, specific dissipation
rate w, and turbulent length scale L) is briefly summarised in this section.

When a hotwire anemometer is used for the measurement, the
measured velocity v has two components:

v =u’+u? 1)

where u, and u, are the velocities in the x and y directions. Here, the
relationship between the Reynolds-average of squared fluctuating ve-
locity components is assumed to be as follows:

Vi=u? fu?, @)

where V, Uy and U, are the mean velocity components, v, u,’ and u,’ are
the fluctuating velocity components. Although the turbulence is aniso-
tropic, by adopting the assumption of isotropic turbulence, the turbu-
lence kinetic energy k can be derived by [44]:

1/~ —= —=\ 3— 3
= (W2 +u2+u2?) ~2u2? ~2y2.
k—z(ux+uy +uz) Pl 3

The turbulence intensity I,, turbulence energy dissipation rate € [45],
and specific dissipation rate w[45] are given by:

I = T, ()]
k3/2

£ = C"T’ )

oot 6)
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where C, is the model coefficient (= 0.09), and L is the turbulent length
scale. The turbulent length scale is derived by assuming that it correlates
to the mean velocity component and the characteristic time scale T,
which is used to express the effect of the fluctuating velocity component
[44]:

L=C,*VT. )

The characteristic time scale is defined by integrating the autocor-
relation function of the fluctuating velocity component p(z) over time:

T= /p(r)dr, (8)
o

P(T) — t't-t ~ oot ’[271 ,
v, dat v, _“dt [
VI vl v e Jovedt

where t and 7 are time. The derived turbulence statistics are reported in
Section 3.1.

Jo vy, dt Nf:’v'v/ dt

9

3. Results and discussions

The results are to be reported and discussed from four perspectives.
Firstly, the fundamental data of the IJV supply jet: the velocity profile
and turbulence statistics at the supply plane are provided in Section 3.1.
Secondly, the angles: the velocity profiles at the plane in different angles
from the central cross-section are compared in Section 3.2. Thirdly, the
difference caused by measurement method and validation of PIV tech-
nique by hotwire anemometer: The velocity profiles along the floor
obtained by a hotwire anemometer and PIV are to be compared and
discussed in Section 3.3. Finally, the temperature settings: the effect of
the temperature setting on the velocity profiles is discussed in Section
3.4.

3.1. Turbulence characteristic of the supply jet

The supply jet velocity and turbulence intensity measured by a
hotwire anemometer are presented in Fig. 7, and the area-weighted

325 T T o F T 0%

i ; i i Centre of JV duct =

= ' Velocity, ! : : i 2
£ 3.00 |-+ F----d---o e F---l15 2
- 1 | i 2
*? Average f , £
3 ! | : o
T 2.75 passhossachocasiatalie o LY bo-c]10 2
S : : o\ S
i \Turbulenceintensity ! ' =

2.50 ' ; ; i ; ' ' 5 5

-0.06-0.04 -0.02 0 0.02 0.04 0.06
Horizontal coordinate [m] (0: Centre of IJV duct)

(a) Velocity and turbulence intensity

Turbulent length scale [m]
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averages of velocity and turbulence statistics are summarised in
Table 3. It was found that the velocity profile was slightly asymmetrical.
It is assumed that this is due to the configuration of the supply duct. The
supply plane must be positioned further from the elbow to achieve a
uniform profile. However, the coefficient of variation of the mean ve-
locity and turbulence intensity is 3.9 % and 11.1 %, respectively, which
does not seem to significantly affect the results. Here, the average value
indicated in the diagram is shown as an area-weighted average value.
However, since this non-uniformity is not significant, and the difference
between the turbulence statistics listed in Table 3, derived from the
arithmetic and area-weighted averages, was merely 0.06-2.44 %.

The average velocity is nearly the same as that calculated by the
ventilation rate, i.e., 2.8 m/s. Since the supply terminal in the present
study is a round duct, it was anticipated that the turbulent length scale
would be approximately 0.07 times the diameter of the duct, i.e., 0.011
m. The estimated result based on the autocorrelation is 0.019 m, nearly
double the expected value; however, the order remains the same.
Therefore, it is considered that the turbulent length at the inlet boundary
of the IJV round duct can be roughly estimated as 0.07D when con-
ducting CFD analysis.

3.2. Jet flow features at different angles

The vertical profiles of radial velocity and turbulent kinetic energy in
Plane-00, Plane-45, and Plane-90 measured by a hotwire anemometer
are shown in Fig. 8. As the jet moves along the floor, the maximum
velocity decays and the jet width stretches, which is widely known as the
turbulent jet flow feature [12]. This feature was identical regardless of

Table 3
Area-weighted average of velocity and turbulence statistics at supply jet.

Mean Turbulence Turbulent Turbulence Specific Turbulent

velocity  intensity kinetic energy dissipation length

energy dissipation rate scale
rate
Vim/ L [%] k [m?s?] e [m%>] o [s7] L [m]
s]

2.83 9.8 0.0574 0.0656 12.9 0.0189

0.025 0.08

0.020 0.07

0.015 0.06

0.010

1 0.04
0002 0.04 0.06

Horizontal coordinate [m] (0: Centre of [JV duct)
(b) Turbulent length and turbulence kinetic energy

0.005

Turbulent Kinetic energy & [m?/s?]

15
=

.O

s

- w
2= 13
U —
Z 5
T o
2

S =11
=&
D

[=7

wn

——do

-0.06-0.04 -0.02 0

0.1
0.08 5 £

0.06 5 -

=3

JV duct =5

10.04 =2

0.02 0.04 0.06 =

Horizontal coordinate [m] (0: Centre of IJV duct)
(c) Specificdissipation rate and turbulence energy dissipation rate

Fig. 7. Velocity and turbulence statistics profiles at the supply plane.
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Fig. 8. The velocity and turbulent kinetic energy profiles at each radial coordinate at different angles.

the angle. It is also shown that the maximum velocity decay and jet
width stretch are more significant at Plane-00 than at other planes. At
Plane-90, the velocity profile (jet width) at the radial coordinate of 0.2 m
is larger than the others, and the turbulent kinetic energy is smaller than
at the other coordinates. However, as the jet spread, the jet rapidly lost
this identity, and the velocity profile feature became like the others at

the radial coordinate of 0.3 m. The flow feature around this region is to
be discussed later in Section 3.3. In addition, the maximum velocity
decay was more rapid in Plane-00 than in other planes, assumed to be
due to the larger turbulent kinetic energy, which leads to the larger
momentum diffusion correspondingly. The difference in turbulent ki-
netic energy profile is assumed to be affected by the vertical wall’s

Measured data Regression line (derived by the data of 0.4-1.0 m)
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Fig. 9. The jet half-width expansion and maximum velocity decay along the radial coordinate.
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restriction as well. It is assumed that the jet in Plane-90 not only has a
vertical wall-jet profile from the wall as shown in Fig. 8(a) but also has a
horizontal wall-jet profile from the vertical wall. This complicated
configuration is assumed to have resulted in the derived velocity and
turbulent kinetic energy profiles. It is suggested that a further mea-
surement be conducted to understand this jet’s restriction from walls.

To illustrate the difference by angle, the maximum velocity decay
and the jet half-width expansion are shown in Fig. 9. It is known that the
jet half-width is proportional to the radial coordinate while the
maximum velocity is inversely proportional to the radial coordinate for
a radial wall jet [12]. Therefore, the maximum velocity is shown in a
reciprocal form.

The maximum velocity decreased, and the jet-half width expanded
gradually in Plane-45 and Plane-90 compared to Plane-00 (the central
cross section). It is assumed that a threshold exists at an angle between
0° and 45°, with this feature gradually changing from 45° to 90° This is
likely due to restrictions from the wall; for example, the jet could spread
upwards, right, and left in Plane-00, whereas it could only spread up-
wards and left in Plane-90. It is also suggested that the Coanda effect
occurred on the wall surface, causing the jet to move along the wall as
well. As a result, the vertical and horizontal spread of the jet around the
central cross section leads to a relatively quick decay in maximum ve-
locity (Vm), which causes a faster expansion of the jet-half width due to
the smaller 0.5Vm. The observations at Plane-45 are similar to those at
Plane-90, and it appears that Plane-45 is influenced by Plane-90; how-
ever, the maximum velocity decay was slightly slower at Plane-45. It is
possible that the airflow spreading from both sides maintained the
maximum velocity at Plane-45, while friction between the jet and the
wall reduced the maximum velocity around the wall.

The regression lines shown in Fig. 9 are derived using the data from
the radial coordinate of 0.4 to 1.0 m, assuming that the jet is not suffi-
ciently developed until 0.4 m away from the supply terminal centre. It
was shown that the relationship between the vertical and horizontal
coordinates is the same as the prior mentioned feature [12]. In other
words, although the jet was restricted by the wall, the jet flow feature
doesn’t change significantly from the radial wall jet. The relationship
between the radial coordinate and jet half width of the radial wall tur-
bulent jet is expressed as a linear function by Bakke [12]. It is worth
mentioning that the slope in the equation by Bakke is 7.8 x 1072, which
is similar to that of the present paper.

Finally, the vertical profiles of radial velocity are shown in the
dimensionless form in Fig. 10. The jet half-width (height) b and
maximum radial velocity V,, are used as the reference for the height and
radial velocity, respectively. The figure shows that this relationship can

3.0 = T T T

o Plane-00 » Plane-45 x Plane-90
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\SE Eq. of Verhoff
Eq. of free turbulent jet

g
=

—
(=]
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<
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Dimensionless radial velocity V'/ V,, [-]

Fig. 10. Vertical profile of Dimensionless radial velocity.
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be expressed by an equation regardless of the angle. Verhoff et al. [10]
introduced an equation to express the velocity profile of a 2-D jet along
walls (Eq. (1)).

V—‘; —1.48 (}B)W [1-erf(0678 x%’)] (10)

where, V is the velocity at each point, V;, is the maximum velocity, y is
the height of the measurement point, and b is the jet-half width. On the
other hand, he also claimed that this profile could be roughly expressed
by a simpler equation for the free turbulent jet (Eq. (2)).

=ew| ~cx ()] an

where, C is a coefficient that must be determined by experimental data
(C = 0.637 with RMSE = 0.058 m/s). Nevertheless, it must be noted that
when comparing these two equations, the velocity in the vicinity of the
walls (boundary layer) is completely different; therefore, this simple
equation for the free turbulent jet (Eq. (2)) cannot be used when dis-
cussing the velocity in the vicinity of the floor for IJV.

There was a small discrepancy between the measured velocity pro-
files at Plane-90 and the empirical equations of both Verhoff and the free
turbulent jet, assumed to be due to the vertical wall as discussed at
Fig. 8. Although the wall could significantly affect the jet, the discrep-
ancy was small, and the jet maintained its self-similarity in the planes at
different angles from the wall. Consequently, it is possible to roughly
predict the velocity profiles using these equations regardless of the
angle.

3.3. Difference by measurement method

The velocity contours under isothermal conditions in the central
cross-section obtained by the hotwire anemometer and PIV are
compared in Fig. 11. The vertical profiles of radial velocity obtained by
the hotwire anemometer and PIV in the central cross-section are
compared in Fig. 12. Although the results obtained by the hotwire
anemometer are the velocity magnitude in the radial plane, i.e., com-
posite velocity of two components, the results are shown as a form of
radial velocity. It is possible to obtain the detailed velocity distribution
using the PIV measurement technique; however, the air velocity under
the inlet duct is small because there was not sufficient tracer due to the
seeding method in the present measurement, as mentioned in Section
2.3.

The maximum radial velocity up to the radial coordinate of 0.4 m is
significantly different between the results obtained by PIV and the
hotwire anemometer. Since the air in this region is within the core of the
jet, it is assumed that the surrounding air, which includes the tracers,
cannot be entrained by the jet into this region using the present tracer
seeding method (see Section 2.3 for details). Additionally, it is
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Fig. 11. Comparison of hotwire anemometer and PIV: velocity magnitude
distribution in the central cross-section.
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considered that the jet is not fully developed in the region 0.4 m away
from the wall, as mentioned in Section 3.2. On the other hand, the PIV
results in the area from the radial distance of 0.5 to 1.0 m from the inlet
centre are almost the same as those of the hotwire anemometer. Thus,
the PIV with present setups can be used to obtain the velocity profiles in
the region far enough from the inlet, i.e., where the jet is fully devel-
oped, and the entrainment of the surrounding air occurs. Consequently,
the region more than 0.5 m away from the supply terminal centre should
be focused on when discussing the PIV results in the following section.

3.4. Influence of temperature settings

The profiles of velocity vectors under isothermal and non-isothermal
(cooling) conditions in the central cross-section obtained by the PIV are
compared in Fig. 13. According to the discussion in the previous section,
the region more than 0.5 m away from the supply terminal centre is to be
discussed in the present section.

The jet along the floor is larger in cooling mode. The velocity
magnitude is slightly larger in cooling mode than under isothermal
conditions; however, the velocity profiles are approximately the same. It
is assumed that due to the high density of the cool supplied air, the jet
remains close to the floor, resulting in a large flow rate, i.e., high air
velocity. Conversely, the airflow adheres to the floor and moves along it
because of the jet’s momentum under non-isothermal conditions.

In conclusion, the velocity profiles are approximately identical under
cooling and isothermal conditions in the present cases. According to
these flow features, it is considered that the findings derived under
isothermal conditions in Section 3.2 can be applied to the cooling con-
ditions as well.

4. Conclusion

Since the primary feature of the IJV is the impinging jet along the
floor, the velocity profiles were measured through a full-scale experi-
ment. Both the hotwire anemometer and PIV were utilised for this
measurement. Measurements under isothermal conditions were con-
ducted with the hotwire anemometer and PIV, whereas measurements
under non-isothermal conditions were carried out solely by PIV. The
velocity profiles at planes with various angles from the central cross-

section were also measured using the hotwire anemometer.

The results are discussed in terms of (i) fundamental data of IJV
supply jet, (ii) the difference of velocity profiles in the planes with
several angles from the central cross-section, (iii) the difference of re-
sults measured by the hotwire anemometer and PIV, and (iv) the in-
fluence of the temperature settings on the velocity profiles.

(i) The fundamental data of the IJV supply jet

The turbulence statistics of the IJV supply jet are provided. It was
shown that the turbulent length scale derived from the autocorrelation
in the present study has the same order as 0.07D, which is often used in
previous studies.

(i) The angles from the central cross-section

The turbulence statistics of the IJV supply jet are provided. It was
shown that the turbulent length scale. The maximum velocity decay and
jet half-width expansion differed depending on the angle. Plane-90 (the
plane, which is 90° from the central cross section) was very close to the
wall; thus, it was affected by the wall in the area close to the supply
terminal. The maximum velocity decay was limited in Plane-45 and
Plane-90 than in the central cross-section, presumably due to the re-
striction from the wall. However, when height and velocity are
expressed in non-dimensional form, the velocity profiles can be repre-
sented by an equation regardless of the angle. In addition, not only the
regression curve for the wall jet, but also the regression curve for the free
turbulent jet, showed a good agreement with the measured results
outside the boundary layer.

(i) The experimental technique

Because of the flow feature of the IJV and the seeding method of the
tracer, the measurement accuracy of PIV was lower in the region close to
the inlet. However, the results obtained by the hotwire anemometer and
PIV were almost the same at the region 0.5 m away from the inlet duct
centre, where the jet is presumably fully developed. The PIV results
obtained by the present setups must be analysed in the area farther than
0.5 m from the supply inlet duct centre.
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Fig. 13. Velocity vector at the central cross-section (green: isothermal, blue: cooling).
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(i) The temperature settings

The velocity was slightly larger under cooling conditions than under
isothermal conditions, assumed to be due to the difference in air density,
i.e., cool supplied air stayed close to the floor, resulting in a larger ve-
locity. Although the balance between supply momentum and buoyancy
was not the same, the velocity profiles were approximately identical
under cooling and isothermal conditions in the present cases. It is
considered that the regression curves derived under isothermal condi-
tions in Section 3.2 can be applied to the cooling conditions as well.

This study has limitations for the inlet velocity, temperature, and
geometrical configuration (discharge height and diameter and shape of
duct, and room shape). In addition, since the accuracy of PIV mea-
surement relies on how to seed the tracer, therefore, the seeding method
needs to be improved. However, by using these measurement results, it
is possible to validate the results by using computational fluid dynamics.
After obtaining a validated CFD model based on the experimental
measurement, a more detailed CFD simulation, including the evaluation
of ventilation effectiveness, can be done as the next step.
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