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Abstract

A validated CFD model is employed to predict the airflow behavior in an impinging jet ventilation
(1JV) room with cool, isothermal or warm jets. By using the numerical results, the influences of jet heating scenario,
discharge height, supply grille shape and room height on the jet flow behavior as well as the draught ~ airflow behavior,
discomfort are analyzed for 1JV operating in heating scenarios. The results indicate that the warm draught discomfort

supply jet of IJV rises upward to the ceiling after spreading along the floor for a certain distance
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due to thermal buoyancy, resulting in a limited dispersion area, while the cool and isothermal jets
of 1JV always spread along the whole floor. When )V is used for space heating, the lower the jet
discharge height, the farther the supply air spreads along the floor, and the supply grille shape
and room height almost have no effect on the air dispersion area. The results also show that the
energy-efficient advantage of 1JV in its heating mode compared to the mixing ventilation (MV)

© Tsinghua University Press and
system is more remarkable in higher rooms. Moreover, there is a risk of draught discomfort in 1JV 9 y

heating rooms and it is recommended to wear socks to avoid this discomfort.

1 Introduction

Although the displacement ventilation (DV) has been widely
used for building ventilation in the past decades due to its
high ventilation efficiency and high energy efficiency, it
can only be used for cooling and is not suitable for heating
(Karimipanah and Awbi 2002; Awbi 2003; Ye et al. 2016).
To overcome this problem, a new ventilation system
impinging jet has been developed and studied by Awbi
(2003), Karimipanah and Awbi (2002), Varodompun (2008)
and some others (e.g. Chen et al. 2012, 2013a, 2013b; Chen
2014; Chen et al. 2015; Ye et al. 2016, 2017, 2018).

In an impinging jet ventilation (IJV) room, as has been
reviewed by Ye et al. (2017, 2018) recently, a high momentum
air jet is discharged downwards at low room level, strikes
the floor and spreads over a large area, causing the jet
momentum to recede yet allowing the jet to reach long
distances (Karimipanah and Awbi 2002; Ye et al. 2017). This
scenario of air distribution has advantages over both DV
and mixing ventilation (MV).

Springer-Verlag GmbH Germany,
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One advantage of IJV is that it produces a clean air zone
in the lower part of the occupied zone and exhibits higher
air-exchange effectiveness than the MV system. Another
advantage is that it can be used not only for room cooling but
also for space heating, giving it greater working flexibility
than the DV system. Moreover, the warm supply jet of IJV
is directly delivered to the occupied zone unlike the MV
system which cannot distribute the warm air into the lower
parts of room effectively. Consequently, the IJV system has
the potential to be an alternative to the DV and MV systems
(Awbi 2003; Karimipanah and Awbi 2002).

Although the biggest advantage of IJV is that it can
meet the requirement not only of room heating but also of
room cooling efficiently, most of the existing studies focus
on the cooling or isothermal scenario. Only a few studies
have been done to evaluate the ventilation performance
of IJV operating in heating mode up to now. For example,
Gauntner et al. (1970) reviewed the flow field of a single
impinging jet and presented the methods for determining
the pressure and velocity profiles in the IJV room. Beltaos
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List of symbols

Cu empirical constant specified in the turbulence model
Co specific heat capacity of air (kJ/(kg-K))

dn hydraulic diameter of the jet discharged section

g the ith component of the gravitational acceleration
h jet discharge height (m)

H room height (m)

length scale (m)

turbulent kinetic energy (J/kg)

turbulent kinetic energy at the inlet (J/kg)
mean pressure (Pa)

percentage dissatisfied (%)

turbulent Prandtl number (dimensionless)
Reynolds number at the inlet (dimensionless)
area of the supply grille (m?)

air temperature (°C)

mean temperature (°C)

mean skin temperature (°C)

exhaust temperature (°C)

reference air temperature (°C)

supply temperature (°C)

turbulence intensity (dimensionless)

o~ me s
SO g 5
&

R e e

AT temperature difference between the jet and indoor
air (°C)

u air velocity (m/s)
u mean air velocity (m/s)

u fluctuating component of air velocity (m/s)

U supply velocity of the jet (m/s)

Vv dimensionless air velocity

z vertical location (m)

z dimensionless vertical location

B thermal expansion coefficient of air (K™)

0jj Kronecker delta

Ein turbulent dissipation rate at the inlet (m?*/s®)

A air thermal conductivity (W/(m-K))

p air density (kg/m?)

Pr reference air density related to T; (kg/m?)

v kinematic viscosity of air (m?s)

12 turbulent eddy viscosity (m?/s)

0 dimensionless air temperature

Subscripts

iandj three dimensions in the Cartesian coordinate system

and Rajaratnam (1973, 1974, 1977) suggested that the flow
field of an impinging jet can be divided into three regions
including free jet region, impingement region and wall jet
region, and described the flow features in the three regions.
Gutmark et al. (1978) examined experimentally the turbulent
structure on the center line of a two-dimensional isothermal
impinging jet and pointed out that the impingement of
the jet is not affected by the presence of the plate and the
turbulent properties of the jet in a certain range of parameters.
Cooper et al. (1993) experimentally investigated the velocity
field characteristics of a turbulent circular impinging jet and
analyzed the axial velocity decay, the rate of jet growth and
the radial velocity distribution. Knowles and Myszko (1998)
studied the effect of nozzle height on the thickness of a wall-jet
with fixed nozzle pressure ratio in an IJV room during the
cooling season. Karimipanah and Awbi (2002) presented
the experimental data on a cool impinging jet and derived a
non-dimensional expression for the decay of maximum
velocity over the floor to evaluate the performance of an IJV
system and compare it with a DV system. Rajaratnam and
Pani (1974) and Zhao et al. (2004) discussed the impact of
nozzle geometry on the development of a three-dimensional
wall jet. The non-dimensional velocity profiles were found
similar in all cases at a distance 10 times greater than the
nozzle height. Guerra et al. (2005) measured the velocity and
temperature fields near a wall in an IJV room for the cases

of constant nozzle-to-plate spacing and Reynolds number. Xu
and Hangan (2008) discussed the effects of Reynolds number,
nozzle shape and the confinement of surrounding boundaries
on the flow field characteristics in a cooling room equipped
with IJV. Chen et al. (2013b) investigated the influences of
the discharge height, shape of air supply device and supply
parameters on the airflow and thermal behavior in an office
with the IJV system in cooling mode. Yao et al. (2015)
conducted an experimental investigation of the flow
characteristics of an isothermal impinging jet in a closed
cabin and analyzed the multi-scale structure of the jet im-
pingement. Taghinia et al. (2015) evaluates the performance
of two turbulence models in predicting the indoor airflow for
three ventilation scenarios including the IJV in isothermal
mode.

In addition to the above airflow behavior, studies about
the thermal comfort, indoor air quality and energy con-
sumption characteristics of IJV operating in cooling or
isothermal mode have been done in the literature (e.g.
Varodompun 2008; Chen et al. 2012, 2013a, 2013b; Chen
et al. 2015). Varodompun (2008) studied the indoor air
quality and ventilation effectiveness of the IJV and DV
systems in different space volumes, respectively. Chen et al.
(2012, 2013a, 2015) experimentally and numerically studied
the velocity and temperature fields in IJV rooms during
the cooling season. Zuo et al. (2015) studied the particle
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resuspension caused by supply conditions in a room with
the IJV system in cooling mode. It was found that when
the supply velocity is less than 3 m/s, particle resuspension
does not occur in the room. Haghshenaskashani et al. (2018)
presents a Taguchi method-based CFD study to analyze
the influence of operating conditions of the IJV system in
cooling mode on the overall performance of thermal

comfort, indoor air quality and system energy performance.

As for the heating cases, Ye et al. (2016, 2017, 2018) studied
the distribution patterns of indoor thermal environment,
energy consumption and the warm air spreading distance.

It should be noted that there is no study referring to
the comparisons of the airflow pattern and the jet velocity
decay after the jet hits the floor between the isothermal,
cooling and heating scenarios. In particular, there is a lack
of research on the influences of supply grille shape, jet
discharge height and room height on the airflow pattern in
IJV heating rooms, though these effects are different from
that in a cooling or isothermal IJV room due to the fact that
the direction of the buoyancy force acting on the cool and
warm air is opposite. In the present study, a CFD technique
is used to investigate the difference of the flow behavior
between the cool, isothermal and warm jets on one hand.
On the other hand, the influences of some factors including
jet supply parameters, supply grille geometry and room
height on the indoor airflow behavior are discussed in IJV
heating rooms. Also, the effect of supply velocity on the
draught discomfort induced by IJV used for room heating
is analyzed in detail.

dewall

Sl

2 Numerical simulation

2.1 Physical model

When IJV is used in a large space, the effect of room
confinement is ignored for most supply jets. Chen et al.
(2012) indicated that the confinement effect mainly influences
the region far from the inlet wall. The modeling space should
therefore be large enough to simulate the flow pattern of
the impinging jet when spreading along the floor without
confinement.

Based on the study by Varodompun (2008), the terminal
configuration of the IJV system is important and it is possible
to integrate the terminals with architectural elements, such
as walls and columns. For example, IJV terminals might
be integrated with columns on one side or on both sides,
or the terminal may encircle the column. In this study, the
IJV terminal surrounds a column located at the center of a
room.

To perform the simulations of the airflow pattern and
the temperature distribution in a large space, as shown in
Figure 1, it is not necessary to assume the whole space as the
region for analysis due to the symmetry of the geometrical
configuration of the space. For the sake of simplifying the
numerical simulation, it is assumed that the modeled room
and its adjacent rooms are at the same temperature, the floor
of the modeled room are considered to be adiabatic, and
the four surrounding “walls” of the region for analysis are
symmetric planes of the airflow (see the blue lines in Figure 1).
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supply nozzle

sidewall
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sidewall
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——computational domain
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Fig. 1 Schematic of the computational domain of the large space in this study
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So the physical model used in this study is simplified and
shown in Figure 2. The space under consideration has a
dimension of 18.0 m (x) x 18.0 m (y) x H (2) (H = 6.0, 9.0,
18.0 or 24.0 m), see Figure 2(a), which can be regarded as
an IJV room without confinement effect. The air is supplied
through a duct and discharged at different heights downwards
the floor, so the supply velocity direction is along the negative
z-axis. The nozzle surrounds the column with a cross section
of 0.6 m x 0.6 m in the middle of the room, the area (S) of
the supply grille is assumed to be 0.13 m?* (Figure 2(b)), and
the discharge heights of the jet (h) are 0.6, 0.9 and 1.2 m.
Exhaust air is extracted from four outlets (0.2 m x 0.2 m)
located on the ceiling, and symmetry plane boundary
conditions are used at two planes (i.e., Planes A and B)
bisecting the building blocks along x and y directions, as
shown in Figure 2(a). Thus, the computational domain can be
reduced to one-quarter of the space under consideration.

To further simplify the physical model, internal heat
sources are ignored and the heating load is assumed to be
generated only by the heat transfer through the ceiling when
the IJV is used for heating. For the case of a cool jet, the
cooling load is considered to be caused by the heat transfer
through the ceiling and two heat sources on the floor, where
each source consists of two human simulators standing
together (see Figure 2(c)). Each simulator has a dimension
of 1.0 m x 0.5 m x 1.8 m corresponding to standing people,
and the surface temperature is set at 30 °C.

Since the energy efficiency of IJV might be slightly
affected by the space height, the mean temperature of the
occupied zone (below the height of 1.8 m in a space) might
be different for different ceiling heights despite the same
ceiling temperature and the same supply parameter. For
comparison, ceiling temperatures are determined after trial
calculations to make the mean temperatures of the occupied
zone be about 20 °C and 25 °C for the heating and cooling
cases, respectively. The floor and the surrounding walls are
considered to be adiabatic on the premise that the modeled
room and its adjacent rooms are at the same temperature.

0.6m
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Square nozzle
(®)

Nozzle

\!.
a im
b \v,
Flﬂﬂ 7 Supply N
/ nozzle '\

Jm 3m

Source

Column
Inlet

3m_Jm
E
Source

The following factors are considered: the temperature
difference between the jet and indoor air (AT), the supply
velocity of jet (), the discharge height of jet (1), the supply
grille shape and the room height (H), to investigate their
influences on the airflow behavior in IJV rooms. As for the
influence of the supply grille shape, three types of grille, i.e.,
square, diamond and circular grilles, are investigated, see
Figure 2(d). The cross-section areas of columns in the three
cases are equal to that of the column shown in Figure 2(b),
and all the grille areas for the three cases are equal to
0.36 m* £ 0.01.

2.2 Governing equations and turbulence model

The airflow field inside the IJV room can be described by
the conservation laws of mass, momentum and energy, and
the flow is assumed to be three-dimensional, steady-state,
incompressible and turbulent flow. The physical properties
of the air are assumed constant, except that the air density
is assumed to follow the Boussinesq approximation. The
time-averaged conservation equations are as follows (Chen
etal. 2012; Ye et al. 2017):
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where p and A are the air density and thermal conductivity,
respectively, v is the kinematic viscosity, C, is the specific
heat capacity of air, and T; is the reference temperature (T; =
20 °C for heating mode and 25 °C for cooling mode). The
subscripts, i and j = 1, 2, 3, are the three dimensions in the
Cartesian coordinate system (i.e., x, y and z), and u; and g
are the ith components of the averaged velocity and the
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Fig. 2 Physical model of numerical simulation: (a) layout of the model, (b) reference case of supply grille, (c) heat source location and

(d) supply grille geometries for comparison
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gravitational acceleration, respectively. The terms —u,.'u](
and —u;T" are the unknown Reynolds stresses and turbulent

heat fluxes, respectively. T and P are the mean temperature
and pressure, respectively.
The thermal expansion coefficient of air, f3, is defined as:

ﬁ:_i.QN_& (4)

p. 0T~ p(T—-T)

where p; is the reference density related to T'. In the present
study, the Boussinesq approximation applies since the
difference between the supply and the indoor air is around

10 °C (cooling mode) and 15 °C (heating mode), respectively.

Thus f3 is assumed to be about 3.32 x 107>

The terms —u,’u]' and —u;T’ contained in Egs. (2) and

(3) can be approximately modeled by using the Boussinesq
hypothesis. The Reynolds stress tensor is associated with mean
velocity gradient through eddy viscosity (Chen et al. 2012):

] =v, (g—ngg—:)—%(k +v, g—if)é,.j (5)

and the turbulent heat fluxes are expressed as:

V, oT

L 6
Pr, Ox, (©)

Il
—ujT =

where v is the turbulent eddy viscosity, k is the turbulent
kinetic energy which is determined through k = u/u/ /2,
0 is the Kronecker delta (i = j, §; = 1; i # j, §; = 0), and Pr;
is turbulent Prandtl number, and Pr, = 0.85.

Chen et al. (2012) validated two turbulence models of
RNG k-¢ and SST k-w with experimental findings. The results
indicate that both of the turbulence models are capable of
capturing the main flow feature of the isothermal impinging
jet. Chen (1995) discussed five turbulence models for indoor
air flow computations and pointed out that both the RNG
k-¢ turbulence model and standard k-¢ turbulence model
can provide steady results, and the former performs better
predictions for flow separation, streamline curvature and
flow stagnation. Because of the robustness and relatively
low computational cost, the RNG k-¢ turbulence model was
employed in the current investigation to achieve closure in
the governing equations. Details of these advantages can be
found in Chen et al. (2012) and Ye et al. (2016).

2.3 Numerical details and boundary condition

The finite-volume solver (ANSYS Fluent 6.3.26) is used to
numerically simulate the flow field in an impinging jet

ventilated room. The governing equations are solved with
the segregated scheme and the pressure-velocity coupling is
controlled by the SIMPLE algorithm. The non-linear terms
and the viscous terms of the governing equations are
discretized using the second-order upwind scheme and the
second-order central scheme, respectively, and the pressure
is discretized with a standard scheme. The residuals of
continuity, momentum, turbulent kinetic energy and its
dissipation rate have to reach 10~ in magnitude for con-
vergence, while the residual of energy has to reach 10°°.

A velocity inlet boundary condition is set at the inlet of
the computational domain, and inlet values of the turbulent
kinetic energy (ki) and its dissipation rate (ei,) profiles are
specified as follows:

k, =1.5uT,) (7a)

&, = k) /1 (7b)
where c, is the empirical constant specified in the turbulence
model with an approximate value of 0.0845. The length scale,
I, is defined as [ = 0.07ds, and dy, is the hydraulic diameter
at the jet discharged section (Chen et al. 2013a). T, is the
turbulence intensity determined by:

T, = 0.16(Re,, ) * (8)

where Rea, is the Reynolds number at the inlet defined
by Rean = lus/ Vin, and v, is the kinematic viscosity of the
supply air.

For the outlets of the domain, outflow boundary con-
ditions are assumed and all the solid surfaces are specified
as no-slip walls. Meanwhile, the standard wall function is
employed to model the turbulence in the vicinity of the walls
with low Reynolds number (Launder and Spalding 1974).
A total of 18 case studies are simulated, and boundary
conditions and other parameters are listed in Table 1, where
T;n is the mean indoor temperature and Teeiing is the averaged
temperature of the ceiling surface.

2.4 Grid independency

To cover the whole computational domain efficiently, a
non-uniform grid distribution is used, i.e., finer mesh is
constructed close to the inlet, outlet and walls as well as the
regions expected to have steep velocity gradients.

A grid independence study is performed by testing and
adjusting the cell sizes. If the differences in the calculated
velocity and temperature for different grid densities are less
than 10 m/s and 107 °C, respectively, grid independence
is considered reached, with the details of this contention
found elsewhere (Ye et al. 2016). The final mesh sizes range
from 0.005 m at the inlet to 0.15 m in open spaces. Grids
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Table 1 Boundary conditions and other parameters of case studies

Ts Tin AT Us h N H Teeiling ~ Airflow rate Supply grille
Case (°C) (°C) (°C) (m/s) (m) (m?) (m) (°C) (m®/h) Rean shape Note

1 18 24.8 ~=7 2.0 0.6 0.13 9.0 31.5 936 16348
2 20 25.0 -5 2.0 0.6 0.13 9.0 29.8 936 16034
3 22 25.1 -3 2.0 0.6 0.13 9.0 28.0 936 15750
4 — — 0 2.0 0.6 0.13 9.0 20.0 936 16034 Section 3.1
5 23 20.1 3 2.0 0.6 0.13 9.0 17.2 936 15554

Square
6 25 19.9 5 2.0 0.6 0.13 9.0 15.1 936 15261
7 27 19.8 ~7 2.0 0.6 0.13 9.0 13.1 936 14974
8 25 20.0 5 1.5 0.6 0.13 6.0 16.4 702 11446
9 25 19.9 5 1.5 0.9 0.13 6.0 16.3 702 11446 Section 3.2.1
10 25 20.1 5 1.5 1.2 0.13 6.0 16.5 702 11446
11 25 20.0 5 1.5 0.6 0.36 6.0 10.0 1944 28614 Square
12 25 19.9 5 1.5 0.6 0.36 6.0 9.9 1944 28614 Diamond Section 3.2.2
13 25 19.7 ~5 1.5 0.6 0.36 6.0 9.7 1944 32047 Circular
14 23 20.1 3 1.5 0.6 0.13 6.0 17.5 702 11666
15 23 19.9 3 1.5 0.6 0.13 9.0 17.7 702 11666

Section 3.2.3

16 23 20.0 3 1.5 0.6 0.13 16.0 17.8 702 11666 Square
17 23 20.1 3 1.5 0.6 0.13 24.0 17.9 702 11666
18 23 19.8 ~3 1.0 0.6 0.13 9.0 18.4 468 7777 Section 3.3

with about 4,360,000 - 4,840,000 cells in total are created in
the computation domain to achieve grid independence and
reasonable accuracy.

2.5 Numerical validation

To validate the numerical model when IJV is used for
heating, the flow and temperature fields in a chamber with
a warm impinging jet were investigated by both experimental
measurement and numerical modeling. The physical model
and boundary conditions of the numerical simulation are
consistent with experiment. By comparing the predictions
from different grids, the grid with 880,000 cells was con-
sidered sufficient for use in the physical model corresponding
to the experiment to reach grid independence.

The experiments were performed in a test chamber
with dimensions of 3.6 m x 3.0 m x 2.6 m (L x W x H),
placed in a HVAC laboratory, see Figure 3(a). The chamber
envelopes are made of color steel plates which are hollow
and insulated with 7 cm thickness rock wool inside. The
mean heat transfer coefficient of the envelopes is about
0.9 W/(m?°C). The chamber has one door with a sealing
strip and has a 0.35 m x 0.35 m viewing window made of
double glazing on the door. The percentage of the fresh air
was regulated to 10% to maintain positive air pressure within
the chamber during the experiments. Consequently, the heat
loss due to air infiltration through envelope cracks, except

for a large crack on the lower part of a side wall, can be
ignored. To keep the air infiltration through the crack roughly
constant, a fan outside the chamber was used to blow the
air to the crack. Thus, the infiltration rate was kept at
0.003 m*/s during the experiments, and the heating load was
caused by the air infiltration and the heat transfer through
envelopes.

Warm air was supplied through a duct of 0.2 m diameter
and was discharged from the nozzle at & = 0.17 m, see
Figure 3(b). The duct was placed at the middle of the east
wall (x =0), and the outlet (0.2 m x 0.3 m) was located at the
center of the ceiling. Fifty Type-K thermocouples, accurate
to + 0.1 °C, were used to measure the air temperature within
the chamber. Air velocities were measured by hotwire
anemometers (HD103T.0, Delta OHM Inc., Italy) with the
accuracy of £ 2 fpm (£ 0.01 m/s) or 2% in the range 0.05 -
5 m/s. There were four movable poles in the chamber, each
with seven measuring points where the thermocouples and
anemometers were instrumented. Along each pole, two
additional thermocouples were located 0.02 m above the
floor and below the ceiling, respectively. Twelve thermocouples
were placed on the ceiling, surrounding walls, floor and the
window to measure the surface temperatures of the chamber.
The other two thermocouples were placed at the inlet and
outlet. The arrangements of measuring poles and measuring
points (denoted by “x” and “O”, respectively) are shown in
Figure 3(c). The computational model corresponding to
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Fig. 3 Schematic view of the experimental system: (a) layout of the laboratory, (b) supply duct of the IJV system, (c) measuring poles and

measuring points on the solid surfaces, (d) computational model

the test chamber is presented in Figure 3(d).

Air temperature outside the chamber can be adjusted to
10 £ 0.5 °C by an air-conditioning system. Measurements
were conducted under steady-state conditions by stabilizing
indoor thermal and fluid conditions for several hours before
recording the data. The supply velocity and the temperature
of the warm jet in the validation case were 1.2 m/s and 35.6 °C,
respectively. The temperature of each wall was monitored
at two points (see Figure 3(c)), and the measured averaged
surface temperatures are listed in Table 2. In the validation
case, the ceiling, the floor and all the walls were set as constant
temperatures consistent with measurements.

Figure 4 presents the flow and temperature fields
computed by CFD in the vertical middle plane through the
nozzle. The warm air is shown to rise upwards after spreading
along the floor for a short distance due to the high tem-
perature difference (AT = 15.6 °C) between the supply and
indoor air. Therefore, the air temperatures in the lower
regions close to or far from the nozzle are higher or lower
than those in other regions of the chamber, respectively.

Figure 5 and Figure 6 show the vertical temperature and

velocity profiles, respectively, measured by experiments
and computed by CFD simulation. The air temperature (T)
is normalized by the supply temperature (T) and the
exhaust temperature (Te), i.e., 0 = (T, =T)/(T,—Te). The air
velocity (u) and the vertical location (z), are respectively
scaled by the supply velocity (4, = 1.2 m/s) and the room
height (H = 2.6 m), namely, V=u/u, and Z = z/H. Hence,
Z=0and Z = 1 correspond to the heights of floor and ceiling,
respectively. It was found that, during the experiments, the
temperature in the chamber was steady with negligible
fluctuation, so only the averaged values for the whole process
of recording are given in Figure 5. While the velocities
are shown by four groups of data (each data group was
determined by the averaged value for one hour) because of
the slight fluctuation of air velocity caused by the airflow
turbulence, as indicated in Figure 6.

It can be observed from Figure 5 that the numerical
results of the temperature are consistent with the test data
in most regions of the room except those near the ground.
The reason is that the temperature of the floor is set as the
averaged value of the measurements at Pole-1 and Pole-4

Table 2 Measured temperature boundary conditions in the chamber with an IJV (°C)

Inner surface

Supply air Indoor air North wall South wall

West wall

East wall Floor Window Ceiling

35.6 20.0 19.6 19.4

19.8

194 16.0 18.2 20.1
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Temperature —I

(°C) 19 2
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Inlet

Fig.4 Computed flow and temperature fields in the vertical
middle plane of the chamber

when conducting numerical simulations. This approximation
may result in some differences in the prediction of temperature
in the region closes to the ground.

Figure 6 indicates that air velocities in most regions are
lower than 0.1 m/s, except for the upper and lower regions
near pole-4 and the region at the top of pole-2 which is close
to the outlet. Due to the small magnitude of air velocity, the
measurement errors of anemometers may exceed the accuracy
to some extent. However, the velocity predictions from the
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RNG k-¢ model exhibit reasonable agreement with the
measured data.

The comparisons in Figures 4 and 5 indicate that the
numerical model used in this study is appropriate for the

simulation of both the temperature and flow fields in the
IJV room.

3 Results and discussion

3.1 Difference of the flow pattern between cooling and
heating jets

Figure 7 shows the streamlines of supply air in the vertical
middle plane through the square grille (i.e., the vertical
yz-plane at x = 0, Plane B in Figure 2) under three
temperature differences (AT) of 0 °C, -3 °C and 3 °C
between the supply air and indoor air, corresponding to
isothermal, cool and warm jets, respectively. The room height
(H), supply grille area (S), supply velocity (u), and jet
discharge height (h) are identical for the three cases, i.e.,
H=9.0m,S$=0.13m? u,=2.0m/sand h = 0.6 m.

As shown in Figure 7(a), an isothermal impinging jet
with high momentum strikes the floor and distributes along
the floor in the form of a very thin shear layer. When the
airflow reaches the opposite wall, it continues to flow along
the wall until it is held back by the ceiling and finally forms

Fig. 5 Comparisons of the vertical temperature distributions between numerical results and test data
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Fig. 6 Comparisons of the velocity profiles between numerical results and test data
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Fig. 7 Streamlines of supply air in Plane B (x = 0) in the case of: (a) isothermal jet, (b) cool jet and (c) warm jet

a large eddy below the ceiling.

Figure 7(b) shows the airflow pattern and temperature
distribution in the room due to a cool jet. Since the buoyancy
of cool air is downward, it has no impact on the supply air
spreading along the floor. Unlike the isothermal jet, the
cool air tends to leave the wall and flow downward to the
lower part of the room because of the negative buoyancy,
so the temperature distribution is similar to that of a DV
room.

The airflow feature and temperature field of a warm jet
are presented in Figure 7(c). It can be seen that the warm
air deviates from the floor after flowing over it for a certain
distance and gradually rises upward to the ceiling because
it is affected by an upward buoyancy, so the dispersion area
of the discharged warm air is limited, which is different
from the flow pattern of a cool jet. Within the jet spreading
region, higher temperature appears in the lower part, which
would provide better thermal comfort and energy-efficiency.

The airflow pattern and temperature distribution in the
vertical plane through the diagonal of the ground (i.e., Plane
C in Figure 2) for the three cases above are presented in
Figure 8. Since the supply nozzle and the outlet are both

.
e S T A )

(a) 8 9 y (m) (b)

included in Plane C, the airflow behavior of IJV in Plane C
may be more informative.

Figure 8(a) illustrates the airflow pattern of the isothermal
impinging jet. The airflow rises upward after reaching the
corner, and forms some small eddies because of the limited
momentum after long-distance spreading along the diagonal
of the ground. There are also some large eddies in Plane C,
which means the well-mixed airflow pattern in the large
area of the IJV room with isothermal jet.

Figure 8(b) shows the airflow behavior similar to that
in Figure 7(b). The displacement airflow pattern develops
and the temperature stratification is apparent. The laminar
flow regime occurs near the outlet.

It can be found from Figure 8(c) that the warm air
separates from the ground after spreading a certain distance
and then rises upward, the spreading distance along the
diagonal of the ground is smaller than those in other directions.
The temperature distribution in Plane C is more uniform
than those in other vertical planes such as Plane B because
the jet spreading region along the diagonal of the ground is
the smallest. The flow pattern near the outlet is the laminar
flow similar to that in Figure 8(b).

Temperature (‘C) Temperature (°C)

20.0

20.5

Outlet s

» Outlet

78

9 y(m)

Fig. 8 Streamlines of supply air in the vertical plane through the diagonal of the ground (Plane C) in the case of: (a) isothermal jet,

(b) cool jet and (c) warm jet
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Overall, the airflow patterns in Plane C and Plane B
of the IJV room are similar but not identical, not because
Plane C includes the supply and the outlet but because
different spreading performance of the jet in different
directions. The effect of the outlet on the airflow behavior
of IJV may be determined by the combination of the room
height, the jet temperature and the outlet characteristics
including shape, dimension and location. More work need
to be done to address this issue.

Figure 9 shows the decays of dimensionless air velocity
(V) along the horizontal direction (x) from the nozzle
at the center line of planes of z=0.1 mand z =12 m
(corresponding to the ankle and head levels for a sitting
person, respectively) for different AT between the jet and
indoor air in the case of H=9.0 m, $ =0.13 m? u, = 2.0 m/s
and 4 =0.6 m.

The results in Figure 9 indicate that AT has a weak
impact on the air velocity decay near the nozzle at the
height of 0.1 m because the flow behavior in this region is
controlled by the momentum force. When AT is less than
0 °C (cool jet), the airflow over the whole floor is controlled
by the jet momentum. For the cases of AT ranging from
+3 °C to +7 °C (warm jet), thermal buoyancy tends to affect
the airflow pattern significantly, and the momentum-
controlled area decreases with the increase of AT. In the
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Fig.9 Decays of dimensionless velocity (V = u/us) along the
direction of x at the center line of two representative planes for
different temperature differences
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zone where the jet momentum no longer dominates the
airflow, air velocities at the ankle level drop quickly, but
those at the head level increase sharply because of the rising
plume.

3.2 Factors affecting the flow and temperature distributions
for a warm impinging jet

3.2.1 Jet discharge height

According to Chen et al. (2012), a smaller discharge height
of an isothermal jet results in a greater air velocity and
thinner airflow layer in the vicinity of the nozzle. This is
attributed to the reduced air entrainment and less jet diffusion
leading to more conserved momentum before the jet hits
the floor. In addition, their results indicate that the differences
of the magnitude of the velocity and the shape of the velocity
profiles between different supply heights are decreased when
moving farther from the nozzle, and all the profiles tend to
coincide.

The temperature and flow fields in an IJV heating
room in the case of a square grille (S=0.13 m?), H=6.0 m,
u; = 1.5 m/s and AT = +5 °C are simulated for three nozzle
heights (h), i.e., h = 0.6 m, 0.9 m and 1.2 m, to explore the
impact of the discharge height of a warm jet on the airflow
pattern. Figure 10 shows the air velocity and temperature
profiles at the plane of z = 0.1 m for the three cases.

It can be seen from Figure 10 that when the IJV system
is used for heating, both the temperature T and velocity V
in the vicinity of the floor decrease with the increase of the
distance from the nozzle x, and drop sharply at a certain
position. The reason is that the effect of the jet’s inertia
relative to its buoyancy is decreased gradually during the
spread of the supply jet along the floor. When the jet reaches
a certain position, the inertia force is not enough to drive
the supply jet forward along the floor, and finally the warm
supply jet deviates from the floor and flows upward under
the relatively strong effect of thermal buoyancy.

The results in Figure 10(a) show that the warm jet spreads

0.6
0.5
0.4

0.3

u (m/s)

0.2

0.1

0.0

(b)
Fig. 10 Effect of jet discharge height on: (a) temperature profile and (b) velocity decay profile along the center line of the plane at z=0.1 m



Yang et al. / Building Simulation / Vol. 14, No. 3

759

farther over the floor when the warm jet is discharged from
the nozzle with a lower height. This is because the jet has more
momentum after hitting the floor and the momentum-
controlled region is enlarged. Figure 10(b) shows that when
IJV operates in its heating mode, the maximum air velocities
in the vicinity of the floor corresponding to the three
discharge heights are about 0.6 m/s, 0.55 m/s and 0.5 m/s,
which is an insignificant difference. It can also be observed
from Figure 10(b) that the difference of the velocity decay
profile along the whole floor between the three studied
discharge heights is slight for the warm jet, differing from
the isothermal and cool jets (Chen et al. 2012).

3.2.2 Supply grille geometry

Rajaratnam and Pani (1974) suggest that the decays of air
velocity along the centre line of the floor for different grille
shapes are almost identical for both the isothermal and
cool jets. The results by Varodompun (2008) indicate that
the variations of temperature along all measured angles are
similar in an IJV cooling room. As for the impact of supply
grille shape, some studies, such as Ren et al. (2003), Nielsen
et al. (2006) and Lee et al. (2007), have discussed this topic
for the cases of mixing ventilation and displacement
ventilation. Varodompun (2008) investigated the impact
of IJV terminal configuration in the cooling scenario and
pointed out that the nozzle shape affects the airflow behavior
little. However, few studies have evaluated the impact of
supply grille shape of IJV when it runs in heating mode.

In the current study, the airflow fields in IJV rooms with
H=60m, h=06m, u =15 m/s and AT = +5 °C are
simulated to investigate the effect of supply grille geometry
on the generated flow pattern and dispersion area of the
warm jets.

The area of the supply grille is set as 0.13 m? firstly in
this study. The results show that the grille shape affects the
momentum distribution along different directions significantly
after the warm jet struck the floor, but little influence is found

in the cooling scenario (Varodompun 2008). The reason is
that when the IJV operates in cooling mode, the buoyancy of
the cool jet is downward and the confinement effect of the
floor weakens its impact on airflow. In contrast, when the
IJV runs in heating mode, the buoyancy of the warm jet is
upward and it would not be confined by the floor.

In order to investigate the airflow features when the
upward buoyancy is weakened, IJV cases with the large grille
(S = 0.36 m?) are simulated because large grille corresponds
to high momentum and relatively weak buoyancy of jet.
Three types of supply grille with the same area (S = 0.36 m?),
i.e., square, diamond and circular grilles (see Figure 2(d)),
are taken into account, with Figure 11 presenting the air
temperature distributions at the ankle level (z = 0.1 m) for
the three grille geometries.

Figure 11(a) shows that the square grille tends to spread
the jet equally in the longitudinal and lateral directions and
to spread less air in other directions. The diamond grille
appears to distribute more air in the directions perpendicular
to grille surfaces and the air movement in other directions
is relatively weak (Figure 11(b)). For the circular grille, see
Figure 11(c), the warm air is distributed uniformly in all
directions.

Figure 11 clearly shows that the influence of the supply
grille geometry on the dispersion of the warm jets is different
from that of the cool and isothermal jets (Rajaratnam and
Pani 1974; Varodompun 2008).

3.2.3 Ceiling height

The air temperature fields in IJV rooms of different heights
are numerically simulated for the case of u; =1.5 m/s, h =
0.6 m, AT = +3 °C and S = 0.13 m? (square grille) for IJV
operating in heating mode. Figure 12 gives the air tem-
perature distributions and the streamlines of supply air in
the vertical plane of x = 0 for four ceiling heights of 6.0, 9.0,
16.0 and 24.0 m.

It can be seen from Figure 12 that, for the ceiling heights

Temperature (°C) | |

— I

20.0
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Fig. 11 Temperature distributions at the height of 0.1 m for three types of supply grille: (a) square, (b) diamond and (c) circular
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Fig. 12 Air temperature distributions and the streamlines of supply air in the vertical middle plane (x = 0) for the ceiling heights of:

(a) 6.0 m, (b) 9.0 m, (c) 16.0 m and (d) 24.0 m

of 6.0 m and 9.0 m (see Figures 12(a) and (b)), the warm air
goes up to the ceiling under the effect of thermal buoyancy
and then forms a vortex in the vicinity of the ceiling, while
for the ceiling heights of 16.0 m and 24.0 m (Figures 12(c)
and (d)), the positive buoyancy is insufficient to drive the
warm air to reach the ceiling, so the flow vortex is formed
almost in the middle of the room height. Additionally,
Figure 12 also shows that the temperature in an IJV heating
room is higher in the occupied zone and is lower in the
upper parts of the room for the four cases, suggesting that
IJV can provide better thermal comfort and higher energy
efficiency as compared to MV during the heating season,
because the temperature near the floor is lower than that in
the upper part for the latter (Said et al. 1996; Ye et al. 2016).
By comparing Figures 12(a) to (d) it is speculated that the
advantages of IJV relative to MV are more obvious in
large-height spaces.

3.3 Analysis of draft sensation

There exists a risk of draft discomfort in the IJV room since
the high momentum air is directly distributed into the occupied
zone. However, only Chen et al. (2013b) investigated this
problem in an IJV cooling room, and few studies refer to
this for IJV in heating mode up to now.

The draught discomfort in the IJV heating room will be
analyzed in this section, which is expressed as the percentage
dissatisfied due to local discomfort (PD) (Fanger et al. 1988).
According to ASHRAE standard 55 (ASHRAE 2010), the
maximum allowable value for PD is 20%. Since the ankle is
the most sensitive part of body due to draught because of less

clothing insulation and higher air velocity near the floor
than other regions in IJV rooms, the PD is assessed at the
ankle level, i.e., 0.1 m above the floor. PD is determined by
Fanger’s equation (Fanger et al. 1988), which is written as:

PD = (T, — T)(u — 0.05)**(3.14 + 0.37uT,) 9)

(when u < 0.05 m/s, use u = 0.05 m/s; for PD > 100%, use
PD = 100%)

where u is the mean velocity, T is the air temperature, Tq
is the mean skin temperature. T is usually set to be 34 °C
for the bare skin including bare ankle. However, the ankle
is usually covered with socks in winter and the temperature
of the sock surface is lower than that of the bare skin, so PD
might be overestimated. The expression of Tq = T + (5 to 7 °C)
for an ankle covered with socks is proposed to estimate the
value of PD more reliably in an IJV heating room.

By collecting the numerical results, the PD is calculated
for the case of AT =+ 3 °C, H=9.0 m, h = 0.6 m and square
grille (S = 0.13 m?) with three different supply velocities,
with Figure 13 giving the distribution of PD at the plane of
z = 0.1 m for u; = 1.0 m/s and 2.0 m/s. It can be known
from Figure 13 that even though the air temperature near the
floor is high (see Figure 11) the value of PD in this region is
large because the velocity is higher in this region than in
other regions of the IJV room.

Figure 14 shows the relationship between the maximum
PD (PDnuax) and supply velocity (us). The effect of ankle surface
temperature (34 °C for bare ankle and 27 °C for dressed
ankle) on the value of PD,,,, has also been evaluated.

It can be found in Figure 14 that PDy,. increases with the
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Fig. 14 Effects of supply velocity us on the maximum PD (PDimax)

increase of supply velocity. For dressed ankle, the values
of PDpu are all smaller than 20% for the three supply
velocities studied. While the value of PDy. for the case of
u, being 2.0 m/s is up to 29% for bare ankle, which is much
greater than the allowable value (20%). Consequently, it is
recommended to wear socks in order to avoid thermal
discomfort in an IJV heating room.

4 Conclusion

Numerical simulations are carried out to investigate the
airflow and temperature fields in an IJV room with cool,
isothermal or warm jets. Influences of jet discharge height,
supply grille shape and room height on the airflow behavior
are analyzed by using numerical results. Furthermore, the
influence of supply velocity on the draught discomfort is
discussed in detail when IJV runs in its heating mode.

The numerical results indicate that the supply air always
spreads along the whole floor when IJV is operated in cooling
or isothermal scenarios, while the flow pattern of the warm
jet differs from that of the cool or isothermal jets, since the
thermal buoyancy of the warm air is acting in the opposite

direction. The warm supply air separates from the floor
and flows upwards to the ceiling after it spreads a certain
distance due to the thermal buoyancy effect, which results
in limited air dispersion area over the floor. The larger the
temperature difference of the supply air, the smaller the
dispersion area.

For a heating room equipped with IJV, the influences of
the jet discharge height, the shape of supply inlet and the
ceiling height on the air temperature and velocity profiles
in the room are significantly different from those of the
cool and isothermal jets. If the warm jet is discharged from
the nozzle with a lower height, it would spread farther over
the floor, while the supply grille shape and ceiling height
almost have no effect on the warm air dispersion area. The
results also indicate that the temperature in the rest of
the IJV heating room is almost the same, except that the
temperature near the floor is slightly higher within the
zone of warm jet flow, which is different from that in a MV
heating room where the indoor air temperature is lower in
the occupied zone and is higher in the upper zone. This
means that the IJV system has obvious advantages over the
MV system in ensuring the thermal comfort in the occupied
zone and improving energy efficiency, and the higher the
room height is, the more obvious the advantage of IJV
over MV.

Moreover, the draught discomfort analysis shows that
the value of PD near the floor might be greater than the
acceptable range specified by ASHRAE standard when the
ankle is bare, since the velocity in the region near the floor
is high in the IJV room. It is recommended to wear socks to
avoid thermal discomfort caused by IJV.
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