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Abstract: This study aimed to develop a new concept for an air terminal device for a VAV (variable
air volume) ventilation system that would improve overall ventilation efficiency under a varying
air supply volume. In VAV systems, air volume is modified according to the thermal load in each
ventilated zone. However, lowering the airflow may cause a lack of proper air distribution and lead
to the degradation of hygienic conditions. To combat this phenomenon, an air terminal device with
an adapting geometry to stabilize the air throw, such that it remains constant despite the changing
air volume supplied through the ventilation system, was designed and studied. Simulations that
were performed using the RNG k–εmodel in the ANSYS Fluent application were later validated on a
laboratory stand. The results of the study show that, when using the newly proposed terminal device
with an adaptive geometry, it is possible to stabilize the air throw. The thermal comfort parameters
such as the PMV (predicted mean vote) and PPD (predicted percentage of dissatisfied) proved that
thermal comfort was maintained in a person-occupied area regardless of changing airflow though the
ventilation system.
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1. Introduction

The building sector accounts for 40% of primary energy use, and a considerable fraction of
this energy is utilized to construct a desirable indoor environment for occupants [1,2]. At the same
time, we spend more than 90% of our time indoors and have higher requirements for indoor thermal
and environment comfort [3,4]. Good indoor air quality, energy-saving performance, and flexible
area control have made VAV (variable air volume) air-conditioning systems widely popular in office,
commercial, and industrial buildings [5–7].

To save energy, VAV systems regulate airflow according to the current needs in a ventilated
zone [8,9]. When less air is needed, less energy is consumed by the system. These changes result in
lowering the power needed to supply the fan in the air-handling unit and, as a consequence, in saving
energy [8,10]. Equation (1) shows that, by lowering the air flow by 20%, it is possible to lower the
energy consumption of the ventilators by almost 50% [11–16].
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where P1, P2 is the electric power consumed by the fan, n1, n2 is the rotational speed of the fan,
and

.
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.
V2 is the air flow volume through the fan.
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Equation (1) shows that VAV systems have energy-saving potential. However, when lowering the
airflow, the system may not be able to remove all the contaminants [9] and may cause their accumulation
within buildings, leading to dead zones [9]. The recommended parameters for systems with variable air
flow, including the fresh air rate and criteria for the indoor environment (thermal, air quality, noise, light),
are provided by standards EN 15251:2012 [17], ISO 7730 [18], and ANSI/ASHRAE-62.1 [19]. Despite
these regulations, the problem of high contaminant concentration and the lack of thermal comfort
have been proven in both buildings built in the classic standard [20–22] and airtight buildings (passive
and zero-energy) [23,24]. This problem occurs in households, sports facilities [25,26], schools [27–30],
kindergartens [31], office environments [32] etc., which means it is a concern in the entire building
sector. When regarding VAV systems, studies have shown that, when they are not properly regulated,
there is a risk of contaminant accumulation [8,13,33,34].

To counteract the problems concerning VAV systems, a laboratory stand with an adaptive ATD
(air terminal device) was created and CFD (computational fluid dynamics) simulations were carried
out. The aim was to test the possibilities of a device that had a steady air throw, meaning that the
range of air leaving the ATD would remain constant despite the changing flow in the VAV system.
This could prevent the accumulation of contaminants in specific zones when the airflow was lowered.
Thanks to the new design of the ATD and the research carried out, a target zone could be continually
ventilated despite the changes in the flow, and fresh air would be constantly supplied to the occupants.

Laboratory tests of air terminal devices were carried out by various researchers, proving that
their geometry influences airflow. Kalmar used different types of air terminal devices to evaluate their
influence on the comfort of occupants [35], while Rabani et al. assessed heating in an office cubicle
using an active supply diffuser in a cold climate [36]. Both found that the adaptation of ATD geometry
improved the conditions in the ventilated zone. Nielsen studied the influence of wall-mounted air
terminal devices used in displacement ventilation and its influence on velocity distribution close
to the floor [37]. The study showed that openings between obstacles placed directly on the floor
generate a flow similar to the air movement in front of a diffuser. Similar studies were done by
Hurnik who discussed the difference in the geometry of a cleaning inlet of a VAV system that had a
changing geometry to keep the fresh air from centering directly below the air supply and not dispersing
throughout the ventilated zone [38].

Additionally, CFD simulations are a powerful tool for estimating the airflow patterns and thermal
environment of various HVAC (heating, ventilation, and air conditioning) systems. They were used for
the estimation and control of indoor environment and space ventilation when using a VAV system by
Sun and Wang [39], Du et al. [40], Gangisetti et al. [41], and Nada et al. [42], among others. Furthermore,
they were used to analyze the influence of structures on airflow, for example, by Mu et al. [43]. In their
research, they designed a novel damper torque airflow sensor for VAV terminals and used CFD
methodology to analyze the airflow characteristics at different speeds and positionings of the damper.
Similar studies using CFD to show the influence of an element’s geometry with VAV systems were
done by Hurnik [44], Liu et al. [45], and Pasut et al. [46].

According to the evidence that applying laboratory measurements and CFD analysis are valid
choices in analyzing VAV systems, it was decided to use these methods in the study. The aim of the
new ATD was to maintain a steady air throw under changing conditions so that a desired zone would
be properly ventilated. The air throw is the distance from the ATD in the center of the penetrating air
current to the point where a minimal air speed is measured. For the purpose of this study, the air speed
that marked the end of the ventilated zone was assumed to be 0.5 m/s. It was chosen as a boundary
value, after which the air velocity was assumed so low that it would not flow further into the ventilated
room. The design of the ATD, as well as the analyses carried out in the study, shows that there is a
possibility to improve the air distribution for VAV systems.
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2. Materials and Methods

2.1. Experimental Study

The construction of the air terminal device was based on the change in its diameter. The design
concept is shown in Figures 1 and 2. The goal was to adapt the ATD geometry to change the inlet
diameter as the flow of the system lowered, allowing the air throw to remain constant. The air flow
was changed in steps and the diameter of the ATD was changed by installing a gasket between the
elements. The detailed geometry of the device can be found in [47].
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Figure 2. Concept of the air terminal device designed in the Inventor software (three-dimensional
(3D) model).

To test the ATD, a laboratory stand was constructed and installed in a space with controlled
environmental conditions. It was designed according to European standard EN12238: 2002 [48],
and the concept of the stand is shown in Figure 3.
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Figure 3. Laboratory stand layout according to PN-EN 12238:2002.

The temperature and humidity of the controlled lab space where the experiments were conducted
were equal to 20 ◦C and 48%, respectively. The ambient air velocity was equal to zero as the laboratory
was a closed room. A VAV system with a frequency inverter attached to the fan was installed, which
allowed alteration of the airflow. The airflow itself was calculated according to the current standards
and regulations [49] by using an orifice plate. The laboratory set up in shown in Figure 4.
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anemometer; (b) fan duct with orifice inserted orifice and equalizing chamber.

The pressure drop on the orifice was measured using a micromanometer with the range of
±3500 Pa and the accuracy of ±1% at temperature equal to 20 ◦C. After the orifice, the air flew into
the equalizing chamber where the flow was evened out by a series of grilles to eliminate turbulence.
The air stream then flew into the ATD; turbulence from ducts and bends did not influence the flow into
the test room thanks to the equalizing chamber.

After the air flew into the test zone, a thermal-resistant anemometer was used to measure its velocity
and temperature. It had the range of 0.08 m/s to 20 m/s and an accuracy of ±2%. The summarized
accuracy of the instruments used in the analysis are shown in Table 1. Velocity measurements were
conducted every 30 cm from the air terminal device (Figure 5). The position of the anemometer was
established for each measuring point by laser beam guidance. Thanks to the small diameter of the
probe (6 mm), disruption of the air stream was minimalized. The anemometer can be seen in Figure 4
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along with a cross laser beam. Velocity measurements were carried out for a period of one minute.
The sampling frequency of the anemometer was 6 s, meaning that the final result was the average of
10 partial measurements.

Table 1. Technical properties of measuring devices.

Equipment Type Data Range Accuracy

Differential pressure sensor −35,000 to 3500 Pa ±35 Pa
Velocity sensor 0.08 to 20 m/s ±0.04 m/s

Temperature sensor −10 to 50 ◦C ±0.3 ◦C
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According to EN ISO 5167-1 [50], the mass flow was calculated by defining the correlation between
the flow and the pressure drop on an orifice using the following equation:

qm = −
C√

1− β4
εt
πd2

4

√
2∆p·ρ1, (2)

where C is the flow coefficient, β is the ratio of the diameter of the duct to the diameter of the orifice,
εt is the expansion number, d is the diameter of the orifice (m) with its uncertainty equal to 0.0005 m,
∆p is the measured pressure drop (Pa), and ρ1 is the air density (kg/m3).

When the flow is calculated according to Equation (2), the measurement uncertainty is defined
according to ISO 5167 [50], and the error propagation rule as follows:

∆
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To calculate the uncertainty shown in Equation (3), the uncertainty of each individual element
must be defined. The uncertainty was calculated for the maximum flow as it differed the most from
the simulations.

In Equations (2) and (3), the flow coefficient when using an orifice plate is defined as follows:

C = 0.5961 + 0.0261β2
− 0.216β8 + 0.000521

(
106β
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+

+(0.0188 + 0.0063A)β3.5
(
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+
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0.043 + 0.08e−10L1 − 0.123e−7L1
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β4
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+
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(
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1.1

2

)
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(4)
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where D is the diameter of the duct, equal to 0.315 m, and d is the diameter of the orifice, equal to 0.09 m.

A =

(
1900β
ReD

)0.8

, L1 = L2 =
0.0254

D
, M′2 =

2L2

1− β
. (5)

M3 =

 0 f or D ≥ 0.07112 m
0.011(0.75− β)

(
2.8− D

0.0254

)
f or D < 0.07112 m.

(6)

The calculation of the uncertainty of the flow coefficient is shown below in Equation (7).

∆C =

√(
∂C
∂β

)2

∆β2 +

(
∂C
∂A

)2

∆A2 +

(
∂C
∂D

)2

∆D2, (7)

and
∆A =

∂A
∂β

∆β. (8)

The value of coefficient A was equal to 3.6477 with an uncertainty of 1.95 × 10−5.
The calculation of the uncertainty of β (ratio of the diameter of the duct to the diameter of the

orifice) is shown below in Equation (9).

∆β =

√(
∂β

∂d

)2

∆d2 +

(
∂β

∂D

)2

∆D2, (9)

where D is the diameter of the duct, equal to 0.315 m, and d is the diameter of the orifice, equal to 0.09 m.
Consequently, ∆β was calculated to be equal to 1.9 × 10−6 and ∆C was calculated to be equal to

1.898 × 10−7.
The expansion number εt, presented in Equation (2), can be shown as

εt = 1−
(
0.351 + 0.256β4 + 0.93β8

)1− (
p2

p1

) 1
2
, (10)

where p1 and p2 are the pressure upstream and downstream from the orifice, respectively, with their
uncertainties equal to 0.1 Pa.

The uncertainty of εt can be calculated as shown below.

∆εt =

√(
∂ε
∂β

)2

∆β2 +

(
∂ε
∂p1

)2

∆p2
1 +

(
∂ε
∂p2

)2

∆p2
2. (11)

The calculations gave the results of the expansion number εt equal to 0.9993 with its uncertainty
∆εt equal to 3.52 × 10−6.

Additionally, the density of the air in Equation (2) can be defined as shown below.

ρ1 =
p1

Rwθ1
, (12)

where p1 is the air pressure in the duct before the orifice (Pa), with its uncertainty equal to 0.1 Pa, θ1 is
the temperature of the air inside the duct (K), with an uncertainty of 1 K, and Rw is the gas constant,
calculated using Equation (13).

Rw =
287

1− 0.78 pv
pa

, (13)
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where pa is the atmospheric air pressure (Pa), with its uncertainty equal to 0.1 Pa, and pv is the partial
pressure for water vapor at temperature θ1 (Pa).

The values of air density and gas constant were equal to 1.192 kg/m3 and
288.15 J/(kg·K), respectively.

The uncertainty of partial pressure for water vapor can be calculated from the following formula:

∆ρv =

√(
∂pv

∂ϕ1

)2

∆ϕ2
1 +

(
∂ρ1

∂psat

)2

∆p2
sat, (14)

where psat is the saturation pressure of water vapor according to the dry-bulb thermometer.
The uncertainty of the gas constant can be calculated as follows:

∆Rw =

√(
∂Rw

∂pv

)2

∆p2
v +

(
∂Rw

∂pa

)2

∆p2
a . (15)

In order to obtain ∆ρ1 from Equation (3), the following equation should be used:

∆ρ1 =

√(
∂ρ1

∂p1

)2

∆p2
1 +

(
∂ρ1

∂Rw

)2

∆R2
w +

(
∂ρ1

∂θ1

)2

∆θ2
1. (16)

The calculation results were ∆ρv = 6.42 Pa, ∆Rw = 0.019 J/(kg·K), and ∆ρ1 = 0.004 kg/m3.
After the calculation of each individual component’s uncertainty, it was possible to calculate the

uncertainty for Equation (3), which was ∆
.
qm = 0.00026 kg/s, giving a relative uncertainty of mass flow

measurement equal to 0.25%. Such a small value indicates the very high quality of the measurements
and the measurement stand.

2.2. Numerical Simulation

Air distribution has been extensively studied with CFD methods. CFD was first introduced in
the ventilation industry in the 1970s, and it is widely used today to assist in the design of ventilation
systems [51]. The purpose of the CFD study was to develop and validate a computer model that could
be used for accurate airflow assessment, considering different strategies, as well as different structures.
CFD methods have been used by researchers before to evaluate air distribution methods [40,44,52–54].

The program ANSYS Fluent version 17.0 was chosen for the study as it provides comprehensive
modeling capabilities for a wide range of incompressible and compressible, laminar, and turbulent fluid
flow problems [55] where steady-state or transient analyses can be performed. The CFD simulations
were carried out for the same conditions as the laboratory measurements. This allowed the simulation
to be evaluated and used for future research. It was also used for the investigation of the thermal
confront conditions.

To test how the turbulence models available in the ANSYS Fluent application preformed in this
study, simulations were carried out to compare the k–ε and k–ωmodels, which are widely used for
turbulent flow simulations [56,57]. For all cases, the ATD had the maximum diameter and maximum
flow. Numerical studies were performed by selecting different turbulence models to determine the
flow characteristics. The experimental and numerical results of the average velocities along the axis of
the flow in the occupancy zone are compared in Table 2. The numerical results were compared with
the experimental results, and the RNG k–ε turbulence model gave the best results.



Energies 2020, 13, 4947 8 of 20

Table 2. Turbulence model. ATD, air terminal device.

Turbulence Model
Velocity (m/s) Convergence Rate (%)

Measured Numerical

Velocity at 3 m from the ATD

RNG k–ε

1.56

1.59 1.92

Standard k–ω 1.46 6.41

Standard k–ε 0.91 41.67

Velocity at 6 m from the ATD

RNG k–ε

0.74

0.73 1.35

Standard k–ω 0.69 13.33

Standard k–ε 0.45 39.19

For the geometry of the experiment, an axisymmetric model was used. The geometry of the case
is shown in Figure 6 and was adapted to reflect the conditions in the laboratory stand. An equalizing
chamber was designed, which served as the air inlet boundary condition. The outlet boundary
conditions were located along the edges of the outlet area (Figure 6) and were 15 m long, deliberately
much larger than the air throw to not influence the simulation results.
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A mech independence analysis was conducted to check how the number of elements influenced
the results of the simulation. The results are shown in Table 3. The mesh with 8,799,416 elements was
used in the simulations as it had suitable parameters and the number of elements was optimal for the
simulation to converge.

As shown in Figure 6, cells with different element sizes were created in different parts of the model
for a better mesh structure. Smaller cell sizes were created in the regions near the ATD and equalizing
chamber, resulting in a better-quality mesh structure. The dimensional properties of these regions
are given in Table 4. Additionally, the y+ parameter was calculated as it is an important parameter
concerning the wall function and is the nondimensional distance from the wall to the first node from
the wall [55]. Ideally, while using the enhanced wall treatment option, the wall y+ should be on the
order of 1 (at least less than 5) to resolve the viscous sublayer [55]. In this study, the value of the
parameter was below 1 for all the wall boundaries.

After conducting the above analyses, it was decided that the simulations would be carried out
using the RNG k–εmodel with enhanced wall treatment and took into account gravity working in the
Y-direction. The solution method settings are displayed in Table 5. The convergence criterion was set
to 10−6 which is adequate according to the literature [58,59].
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Table 3. Grid independence analysis.

Number of
Elements

Max
Skewness

Average Air Velocity V (m/s) Convergence Rate (%)
Experimental Numerical

Velocity at 3 m from the ATD

4,233,054 0.97928

1.56

1.62 3.85

8,799,416 0.94715 1.59 1.92

11,731,026 0.94705 1.48 5.12

Velocity at 6 m from the ATD

4,233,054 0.97928

0.74

0.64 13.51

8,799,416 0.94715 0.73 1.35

11,731,026 0.94705 0.79 6.75

Table 4. Geometric properties of mesh structure.

Inlet Section Equalizing Chamber ATD Outlet Section

Maximum element size 20 mm 10 mm 5 mm 20 mm
Growth rate 1.2

Cell geometry Quadrilateral

Table 5. Simulation solution method settings

Solver Pressure Based Solver

Convergence criterion 10−6

Spatial discretization
Gradient Gradient least squares cell-based
Pressure Pressure second-order

Momentum Momentum second-order upwind
Turbulent kinetic energy Second-order upwind

Turbulent dissipation rate Second-order upwind
Energy Second-order upwind

To study how adapting the ATD changed the air distribution, three cases were taken under
consideration for three different airflows. The flow was assessed by previous measurements done in a
typical office building. The air magnitude in the cases was equal to the following:

• 330 m3/h as the maximum airflow,
• 220 m3/h as the medium airflow,
• 150 m3/h as the minimum airflow.

The air terminal device settings were as follows:

• ATD setting 1—all three rings are opened; ATD diameter DATDef = 200 mm, ATD area
AATD = 30,961 mm2;

• ATD setting 2—the largest ring is closed and two smaller are opened; ATD diameter
DATDef = 160 mm, ATD area AATD = 19,745 mm2;

• ATD setting 3—only the smallest ring is opened; ATD diameter DATD = 100 mm, ATD area
AATD = 7631 mm2.

3. Results

To determine if a change in the construction of the ATD improved the conditions of the VAV system,
the first step was to see how the air throw changed without it as a basis for comparison. The device was
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fixed to setting ATD 1—all three rings opened and diameter DATDef = 200 mm. This ATD setting was
chosen as the basis for comparison as it does not use the new elements that interfere with its geometry.
This is also shown in Figure 7, which presents the results without a change in the air terminal device
geometry but with changing airflow. This shows how the system reacts without a geometry change of
the ATD.
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First, the maximum airflow was supplied, and the air throw was measured. Afterward, the flow
was changed to the minimum without changing the diameter of the ATD. As suspected, when lowering
from the maximum (330 m3/h) to the minimum flow (150 m3/h) with the ATD constant setting 1,
the throw lowered. It changed from 8 m to around 4.5 m. The results are shown in Figure 7.

To countereffect the lowering of the air throw shown in Figure 7, the ATD with adaptive geometry
was used. During the tests with changing geometry, the diameter was altered according to the design
shown in Figures 1–3. The airflow was changed in steps from the maximum (330 m3/h) to the medium
(220 m3/h) and minimum (150 m3/h). While lowering the airflow, the diameter of the air terminal
device was also altered from ATD setting 1 to ATD setting 2 and ATD setting 3 for the medium and
minimal flow, respectively. The results are shown in Figure 8.

The results and the comparison between the laboratory tests and simulations are shown in Figure 8
where the velocity along the axis is compared for all three cases. This figure clearly proves that, in both
the simulations and the measurements, the air throw in the test zone could be evened out by changing
the geometry of the ATD. By adapting the air terminal device geometry, it was possible to stabilize the
air throw when changing the air supply volume from 330 m3/h to 150 m3/h.

Figure 9 shows how the flow pattern changed in the cross-section of the airflow in the distances
from the ATD equal to 0.5 m, 1.5 m, 3 m, and 4.5 m. The figure shows that the geometry of the airflow
remained concentrated and slowly dispersed as the flow continued. The case shown in the figure was
for the medium velocity and ATD setting 2. It presents the change in dispersion of the airflow within
the test area during the simulations.
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Figure 8. Results when changing the geometry of the ATD: (a) simulation results; (b) laboratory results.
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from the ATD; (d) 4.5 m from the ATD.
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As the main interest of this study was focused on the air throw, another series of tests was
conducted to present the air flow spread. This was done to analyze the air throw not only along the axis
as in Figure 8, but in the entire test area. The distance from the ATD was measured both horizontally
and vertically in the place where the velocity reached 0.5 m/s. Once again, the measurements were
done every 30 cm.

The tests were conducted as there are a series of fluid dynamic effects that can influence the flow
pattern of the air, especially when its velocity lowers. The most important are [50] the velocity profile,
flow pulsations, mechanical effects, and the surrounding atmosphere, including the thermal effects.

In this study, the surrounding atmosphere was not an issue as the test zone was kept in a stable
environment and tests were performed under isothermal conditions.

Figures 10–12 show the individual cases for each airflow spread comparing the simulation results
to the measurements. Point zero on the vertical axis represents the center of the ATD where the air
flew into the test room. The thee figures were used to not only compare how the simulations reflected
the measurements in the axis of the flow but also to assess how the dispersal of the fresh air into the
room would change with the different ATD settings.
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Figure 10. Air flow spread—maximum airflow, ATD setting 1.
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Figure 11. Air flow spread—medium airflow, ATD setting 2.
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Figure 12. Air flow spread—minimum airflow, ATD setting 3.

The air flow spread was quite concentrated as shown in Figures 10–12, and further studies
should be taken under consideration to widen the airflow. The standard deviation of the simulations
from the measurements was calculated for each air spread and is presented in Figure 13a–c. In this
figure, the measured air spread is represented by the continuous line, while the calculated spread
is represented by the scattered points. Both the x-axis and the y-axis represent the vertical distance
from the axis of the ATD (above or below the axis of the flow). The highest discrepancy between the
simulations and the measurements was registered for the maximum airflow. The lowest was registered
for the minimum airflow. These results prove the good convergence of the CFD model as more than
75% of the results had a discrepancy lower than 8% [59,60].
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Figure 13. Standard deviation of the simulation from the measurements: (a) maximum flow;
(b) maximum flow; (c) minimal flow.

Thermal Comfort

While maintaining a steady air throw may be the answer to removing contaminants, it may not
be enough to achieve proper thermal comfort conditions. It is essential for potential occupants that
comfort is maintained, as it ensures the appropriate quality of the indoor environment [61,62].

There are many thermal comfort models and indices that help to define the thermal comfort,
each with its advantages and disadvantages [63]. However, the most advanced indices are the PMV
(predicted mean vote) and the PPD (predicted percentage of dissatisfied). The PMV/PPD model was
developed by Fanger [64] using heat-balance equations and empirical studies of skin temperature to
define comfort. The calculation of the parameters can be found in EN ISO 7730 [18]. The PMV index is
used to predict the average values of the votes of a large group of people using a seven-point thermal
sensation scale on the basis of the heat balance of the human body [18].

The best case is when the PMV is equal to zero, meaning that the comfort level is neutral, and no
one feels uncomfortable. PMV is a function of many environmental factors, including the metabolic
rate, effective mechanical power, sensitive heat loss, heat exchange by evaporation on the skin, and air
velocity. The detailed equations can be found in in EN ISO 7730 [18]. PPD is a function of PMV and is
calculated on its basis.

The thermal conditions provided by the tested ATD were evaluated by conducting a PMV and
PPD analysis using the thermal comfort application suitable for ANSYS Fluent v 17. This application
allows the adjustment of different parameters including the metabolic rate and clothing resistance
value, as well as the conditions for various thermal scenarios. Because the airflow patterns in the
simulations were evaluated on the laboratory stand in the previous sections, the application is a valid
tool for conducting thermal comfort analysis.

The following parameters were used in all the simulations to represent a situation that could
occur in the summer season:

• Humidity value: 50%,
• Temperature value: 300 K,
• Velocity values for PMV and PPD calculation were taken from the solution field,
• Radiation temperature: 300 K,
• The following clothes were selected with the ensemble clothing resistance value of 0.43: underwear,

0.03; shirts/blouses, lightweight, long sleeves 0.2; trousers, normal 0.2;
• The metabolic rate value of 1.2 was chosen for sedentary activity.

The results for the maximum airflow are shown in Figure 14 and Table 6. The results in the table
show that both thermal comfort parameters ranged from complete comfort to major discomfort. PMV
and PPD contours presented in Figure 14 show a detailed layout of both parameters. The PMV was
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equal to −1.4 just as the air flowed out of the air terminal device meaning that the occupants would
feel a sense of cold. The zone in which the occupants would have a lack of comfort continued up to
6 m from the ATD. After that length, the area from 6 to 8 m is where the occupants would feel thermal
comfort. Similar results were seen in the cases for the other airflow settings. The PPD results show a
similar pattern, where, in the first 6 m of the air stream, the occupants would feel a cooling sensation.
However, after this area, the occupants would be in a zone of comfort.Energies 2020, 13, x FOR PEER REVIEW 16 of 21 
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Table 6. PMV and PPD results for the medium and minimum airflow.

Maximum Airflow Medium Airflow Minimum Airflow

Minimum PMV −1.38 −1.68 −1.46
Maximum PMV 0.64 0.64 0.64
Minimum PPD 5.00% 5.00% 5.00%
Maximum PPD 44.95% 60.84% 48.85%

Similar results can be observed for the medium and minimum airflows. The results can be seen in
Figures 15 and 16. Table 6 presents the extreme PMV and PPD results in the test zone for all cases
(not including the equalizing chamber and ATD).
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Considering the PMV and PPD results, while using the ATD, there is a risk of a draught and/or
cool sensation close to the element. However, in the area between 6 and 8 m from the ATD, thermal
comfort is maintained, and fresh air is sufficiently supplied to that area in all three ATD settings.

The ATD would not be suitable in cases such as a ceiling element for office or residential buildings,
in which the floor height is lower than 6 m. It may be applied as a wall-mounted element for
installations in large rooms that use mixing ventilation, as well as a ceiling-mounted element for objects
such as industrial production halls, which are much taller than a standard building.

4. Conclusions

A new type of ATD with an adaptive geometry was proposed to maintain a steady air throw for
VAV ventilation systems. A prototype of the element was built and analyzed through laboratory tests
and CFD simulations. The geometry of the device was altered according to the airflow changes in the
ventilation system.

CFD simulations and laboratory tests were conducted for three different ATD settings and three
different airflows. Both concluded that, with the changing geometry, the air throw was stable despite
the flow changing from 330 m3/h to 150 m3/h. Without the change in the geometry of the ATD, air throw
lowered from 8 m to under 4 m, meaning that, if occupants were stationed 8 m away from the element,
the system would not provide them with fresh air when the conditions changed. With the adaptive air
terminal device, it was possible to maintain a steady air throw into the ventilated zone. The air flow
spread, however, was quite concentrated, as shown in Figures 10–12, and further research should be
taken under consideration to widen the airflow. This could be a limitation in the use of the element.

Additionally, thermal comfort conditions were calculated and represented by the PMV and
PPD. In each case, thermal comfort was maintained at a distance between 6 m and 8 m. However,
in the area closer to the ATD, there was a decrease in comfort and risk of draught, meaning that this
prototype should not be used for small spaces or as a ceiling device in office or residential buildings.
The presented air terminal device could be used for VAV systems that use wall-mounted elements
to distribute air or in large buildings such as production halls that have the average height over 6 m.
In these cases, the risk of draught would be eliminated, and the system with the ATD could improve
the air quality and maintain the thermal comfort for occupants.

Further studies should be undertaken to eliminate the possibility of draught close to the ATD so
that it can be used in a broader spectrum of VAV systems. Additionally, when applying the ATD for
different applications, it should be adapted to the conditions in the installation as they may vary from
those in this study.
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