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Abstract
Air quality is an important factor for human well-being, and it is crucial that when using mechanical ventilation system, air 
is properly distributed so it reaches every user of a ventilated zone. To improve ventilation systems, and in consequence 
the air quality, this paper focuses on studying the impact of an air terminal device (ATD) with a dynamically changing 
geometry on the effectiveness of a variable air volume (VAV) ventilation system. VAV system characterizes a change in the 
airflow magnitude through the system when the heat gains lower, which may be a risk for human health as air may not 
reach the furthest parts of a zone. To combat this threat, an ATD with a dynamically changing geometry was installed. As 
a ventilation quality indicator, the air throw was taken under consideration. Thanks to the new ATD, the steady air throw 
should be maintained despite the changes in flow in the ventilation system. To achieve this, the research was divided into 
two stages. The first stage included a series of computational fluid dynamics simulations that considered the alteration 
of the airflow and the air terminal device diameter. Afterwards, verifying laboratory measurements were conducted on 
a laboratory stand using a particle image velocimetry (PIV) system that included an air terminal device with a changing 
geometry. The results of the simulations and the PIV measurements showed that the changes in the geometry of the air 
terminal device improve the ventilation effectiveness of a VAV system, allowing the system to maintain a constant air 
throw despite the changing airflow magnitude through the system.
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1  Introduction

The problem of maintaining proper indoor air quality (IAQ) 
is an ongoing subject and a topic of many research papers 
[1–5]. The topic is extremely important in developed coun-
tries where there is a trend to tighten the building enve-
lope for energy savings by lessening the heat losses to the 
outdoor air. This trend has also been fuelled by new laws. 
According to European regulations by 31 December 2020, 
all new buildings should be nearly zero-energy buildings 
and after 31 December 2018, new buildings occupied 
and owned by public authorities should be nearly zero-
energy buildings. To limit the energy losses, such objects 

are usually extremely airtight, to prevent uncontrolled air 
leakages through the building envelope.

Because many current ventilation systems may not 
maintain adequate thermal and hygienic comfort nor 
adapt to the growing airtightness of buildings, ventila-
tion systems should be improved to keep up with new 
construction methods that enforce the creation of increas-
ingly tight structures, as emphasis is mainly put on energy 
savings and the air quality may be omitted. Therefore, the 
work in this paper focused on improving air quality in 
VAV (variable air volume) systems, which are used in large 
buildings and which usage is increasing in small energy-
efficient residential buildings.
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VAV systems supply a variable volume of air at given, 
stable parameters to a room, depending on the current 
needs. The airflow changes when the heat load in the 
room changes, so that the objects do not overheat or cool 
too rapidly. The advantage of this type of systems is the 
energy savings associated with the operation of the fans as 
well as the smaller heat fluxes that may be provided by the 
chillers and/or heat sources in the ventilation unit. Also, 
there is a possibility of engine room equipment reduction. 
This is possible thanks to the lowering of heat loads within 
the building.

However, when considering airtight buildings, there is 
a concern that such systems may not provide sufficient 
fresh air to the entire volume of large spaces such as sports 
halls, swimming pools or open-space work areas. The rea-
son for this is that with the reduced heat gains (e.g. dur-
ing a cloudy day), less air enters the room. Air from the 
terminal device does not have the same range of flow as 
system with the maximum capacity airflow and may not 
reach all the occupants. This may result in deterioration of 
air quality which directly affects the physical and mental 
condition of the occupants [6]. Lack of proper air quality 
may cause a drastic drop in the concentration, productivity 
and vigilance of employees [7, 8].

To improve the effectiveness of VAV systems, the pre-
sented work focuses on the final element of the ventilation 
system, i.e. on the air terminal device (ATD). According to 
many studies, the position and shape of the air terminal 
device have proved to be crucial for the airflow in a room 
[9, 10]. The work is intended to investigate by means of 
computer simulations and test conducted using the par-
ticle image velocimetry (PIV) method to evaluate whether 
the use of an air terminal device with a dynamically chang-
ing geometry will improve the air quality in a large venti-
lated zone.

As an indicator of the quality of the air terminal device 
operation, the air throw of the air terminal was selected. 
The proper range of the stream indicates the area in which 
fresh air reaches the room. If the air throw of the jet falls 
with the flow of air magnitude through the VAV system, 
the system will not deliver the appropriate amount of fresh 
air to the distant areas of the room. Maintaining a steady 
air throw would also reduce the size of the installation and 
would be beneficial in large areas where an extensive fresh 
air supply system is required.

2 � Experimental procedures

The aim of the study was to determine whether it was pos-
sible to maintain a constant air throw when the airflow 
magnitude changed. To achieve this, the focus of the study 
was divided into two parts. First, a series of computational 

fluid dynamics (CFD) simulations were carried out to 
define the optimal parameters for the air terminal device. 
This allowed the validation of different options and the 
selection of the most optimal one. Afterwards, PIV meas-
urements took place using the test air terminal device in 
two different control distances to observe how the air 
throw changed and corroborate whether the simulation 
results correlated with the measurements. The experimen-
tal study was carried out on an air terminal device that was 
connected to a fan with an inverter that allowed the altera-
tion of the flow within the system to reflect the conditions 
within a VAV system. The laboratory stand (Fig. 1) was built 
according to European norms [11]. The air terminal device 
on the laboratory stand had a changing geometry that was 
altered depending on the airflow. The aim was to main-
tain the air throw at a stable distance. In the study, the air 
throw was assumed as the distance from the air terminal 
device after which the air velocity would fall below 0.5 m/s. 
After de-acceleration to such velocity, it would no longer 
reach further parts of the ventilated zone.

The diameter of the air terminal device could be 
changed according to the signals in the VAV system. With 
the lowering of the airflow, the diameter was automatically 
changed to accelerate the fresh air and maintain the nec-
essary air throw. A detailed description of the air terminal 
device can be found in [12]. Two settings of the ATD were 
used in this study:

•	 ATD setting 1—effective diameter DATDef = 200 mm; 
effective ATD area: AATDef = 30 961 mm2;

•	 ATD setting 2—effective diameter DATDef = 100 mm; 
effective ATD area: AATDef = 7 631 mm2.

2.1 � Experimental set‑up

There are a number of methods available for measuring 
jet velocity vector field for ventilation systems, each with 
its own advantages and disadvantages. However, the PIV 
method has become a more popular way to measure air-
flows and their characteristics in the past years due to its 

Fig. 1   Laboratory stand layout according to PN-EN 12238:2002
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nonintrusive measurement method. In addition, PIV has 
advantages of measuring the velocity field for each instant 
in a given time frame [13–15]. Thanks to these features, it 
is possible to measure the characteristics of airflow very 
accurately. This is why a 2D-PIV system was chosen as the 
method to define airflow changes in a VAV ventilation sys-
tem with a dynamically changing geometry of the air ter-
minal device to determine how air throw changed with the 
changing air magnitude and air terminal device diameter.

2.1.1 � 2D‑PIV measurement

The PIV measuring system is based on dispatching tracer 
particles in a flow stream that are later illuminated by a 
laser. The laser sends out signals at a given time interval 
and reflects light off the tracer particles. The reflection is 
monitored by a camera. Thanks to the known time frame 
of the laser measurements, it is possible to calculate the 
velocity of the flow stream.

The 2D-PIV measurement system is shown in Fig. 2 and 
was carried out using a laser tracing system. In this study, 
a two-pulse laser (Evergreen EVG 200-15, 2 × 200 mJ at 
15 Hz) was used to detect the airflow from the air termi-
nal device. An optical arm and light knife forming optics as 
well as PIV HiSense Zyla 5.5Mpix camera (2560 × 2160 pix) 
were used to take pictures of the flow. A seeding gen-
erator with SMD-generated particles (2–5 μm) was used 

to generate the marker for the air, its role was to reflect 
the light of the laser and in consequence allow the flow 
measurement. The used particles had a good following 
and adhesiveness, and the response time to the motion 
of the air is reasonably short to accurately follow the flow. 
In addition, a 532-nm FWHM 10 nm optical band filter was 
used. The equipment was connected to a desktop com-
puter which used the software Dynamic Studio v5.1 for 
measurements analysis. The set-up allowed the accurate 
measurement of the airflow.

Measurements were taken at a 15 Hz interval between 
pulses in generated pairs, adjustable with flow velocity 
and measuring surface in the range of 200–1000 μs. Dur-
ing the studies, the 336 × 284 mm sections were taken 
under consideration by the PIV technology.

2.1.2 � CFD simulation set‑up

For the CFD (computational fluid dynamics) simulations, 
the software ANSYS Fluent was used. It was chosen as it 
allows the modelling of complex flow-related phenomena 
(turbulence, multiphase flows, chemical reactions, heat 
transfer, radiation, etc.) [16]. It has been used in many com-
plex applications that include airflows, complex geome-
tries and air terminal devices [17–20], thus proving to be a 
valid tool and the reasonable choice for this study.

Fig. 2   PIV measurement set-up
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During the simulation, a turbulent model k–ε was 
used: a model of two equations in which the turbulent 
viscosity depends on kinetic energy “k” and turbulent 
dispersion “ε” [21]. Additionally, the program has already 
been used to study strictly air terminal devices [22, 23], 
and the impact of ventilation and air-conditioning sys-
tems on air quality and thermal comfort for many years 
[24, 25].

The geometry model is presented as an axisymmet-
ric one and is shown in Fig. 3. This model assumes that 
the presented geometry is rotated around a given axis 
and thus transforms the 2D model into 3D model. This 
model was chosen because the considered geometry is 
symmetrical, and it allows the reduction of the number 
of nodes in the model, which speeds up the calculation 
process and allows for a more detailed mesh.

Like the PIV measurements, the geometry of the air 
terminal device as well as the airflow was altered accord-
ingly throughout the simulations.

3 � Results

Results from the PIV measurement system and CFD simu-
lations were compared and contrasted. It was decided 
that the measurements would take place in two different 
control distances along the airflow from the air terminal 
device:

•	 At the length of 0 m from the air terminal device.
•	 At the length of 6 m from the air terminal device.

Both cases were carried out for two extreme flows 
through the system—the maximal airflow (0.25 kg/s) and 
minimal airflow (0.12 kg/s). This was done to observe 
how the air velocity changed throughout the system—
and in consequence how the airflow range changed 
when the air magnitude was altered. The diameter of the 
air terminal device was changed in the measurements as 
well as the simulations to assess whether this alteration 

positively influenced the air velocity and in consequence 
the air throw.

3.1 � Measurement distance from the air terminal 
device: 0 m

For the first case, the distance from the air terminal device 
was 0  m. First, the maximum flow was activated with 
the ATD setting 1 to observe how the airflow formation 
occurred. Afterwards, the air magnitude was lowered to 
the minimal flow. To adapt to the changes in the air veloc-
ity, the diameter of the air terminal device was altered to 
a minimum to improve the air throw and accelerate the air 
when the air magnitude lowered drastically.

The simulations that were conducted in ANSYS Fluent 
had the same input parameters that allowed the compari-
son of the results below. In order to compare and contrast 
the results, the simulation results have the same scale of 
the air velocity as the PIV measurements ranging from 0 to 
17 m/s. The results are shown in Figs. 4 and 5.

3.2 � Measurement distance from the air terminal 
device: 6 m

The next step was to observe how the air throw changed 
at 6 m from the air terminal device. The measurements 
were carried out for the same airflows as in the previous 
paragraph to compare and contrast the advantages and 
disadvantages of the changing geometry of the air termi-
nal device. The comparison also took under consideration 
how the minimum flow would behave without the change 
in diameter of the air terminal device. In order to compare 
and contrast the results, the simulation had the same scale 
of air velocity as the PIV measurements, ranging from 0.4 
to 1.9 m/s. The results are shown in Figs. 6, 7 and 8.

Figures 6, 7 and 8 show the change in the air velocity 
depending on the flow magnitude as well as the geom-
etry of the air terminal device. In Fig. 6, the results for the 
high airflow and ATD setting 1 are shown in the distance of 
6 m from the air supply. The air velocity is measured to be 
an average of 1.9 m/s. When lowering the air magnitude 
through the system and without changing the diameter, 
the air velocity lowers to 0.5–0.7 m/s (Fig. 7), meaning that 
it has reached its maximum air throw. When comparing 
these two cases, it can be noticed that in the case where 
the air magnitude is set as maximum, the air continues 
to flow further into the ventilated zone thanks to its high 
velocity, whereas in the second case the air has deceler-
ated to a minimum and does not flow any further. This 
means that in the second case, the occupants inside such a 
room seated further away from the air supply would have 
lower air quality. When the geometry of the air terminal 
device is altered as shown in Fig. 8 (ATD setting 2), the Fig. 3   Geometry of the ANSYS fluent model
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air velocity at the distance of 6 m from the air source is 
1.6 m/s, meaning that the air does continue to flow further 
and the ATD provides fresh, clean air for the occupants.

To compare and contrast how the velocity differed in 
both cases, a series of histograms showing the percentage 
of velocity vectors were made. Figures 9 and 10 show his-
tograms of the velocity vectors 6 m from the air terminal 
device. The first presents the case with the maximum air-
flow and ATD setting 1. The value of the vectors is spread 
out more evenly, and the value of the majority ranges from 
1.55 to 1.77 m/s. In the second case, where the minimum 

airflow and ATD setting 2 were employed, the value of the 
majority of vectors is between 1.45 and 1.55 m/s. Despite 
not being ideal, this comparison proves that the alteration of 
the diameter can contribute to maintaining the air throw as 
the average miscalculation is equal to an average of 0.2 m/s 
according to the histograms.

Fig. 4   Results for the flow magnitude of 750 m3/h and ATD setting 1, distance from the air terminal device 0 m; left: PIV measurement; right: 
ANSYS Fluent results

Fig. 5   Results for the flow magnitude of 360 m3/h and ATD setting 2, distance from the air terminal device 0 m; left: PIV measurement; right: 
ANSYS Fluent results
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4 � Discussion of the results

As the results from the study show, when using constant 
diameter of the air terminal device, the air throw lowers 
with the changes in the VAV system. When lowering the 
air magnitude through the system and without changing 

the geometry of the air terminal dive, the air throw has 
a maximum of 6 m as its velocity falls to 0.5–0.6 m/s 
(Fig. 7). However, when using the proposed air terminal 
device with a dynamically changing geometry to acceler-
ate the air when it enters the ventilated zone, the veloc-
ity at the given check point was stable, meaning that 
the air throw would also be stable as shown in Figs. 8, 

Fig. 6   Results for the flow magnitude of 750 m3/h and ATD setting 1, distance from the terminal device 6 m; left: PIV measurement; right: 
ANSYS Fluent results

Fig. 7   Results for the flow magnitude of 360 m3/h and ATD setting 1, distance from the air terminal device 6 m; left: PIV measurement; right: 
ANSYS Fluent results
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9 and 10. This means that the indoor air quality can be 
improved by using such systems as the air throw does 
not depend on the airflow through the system. In their 
review, Okochi and Yao [26] described the developments 
and advancement of VAV systems. They stated that one 
of the main problems with VAV systems is the balancing 
and distribution of the airflow. This study proves that 
thanks to the dynamically changing geometry of the 
ATD, it is possible to improve the air distribution. Simi-
lar findings were discovered by Hurnik [27], who used a 
specialized mixing chamber to maintain the constant air-
flow magnitude through a ADT and in consequence the 
air throw. The research concluded that it is possible to 

maintain a steady air throw when using VAV ventilation 
systems. The PIV measurements allowed a detailed view 
of the flow vectors. Thanks to its noninvasive character-
istics, it was possible to measure the air velocity without 
disrupting the flow with measurement equipment giving 
a true reflection of the flow pattern.

5 � Conclusion

The improvement in indoor air quality (IAQ) is an ongoing 
subject that is fundamental to human comfort and health. 
The lack of a properly equipped and measured ventilation 
system in airtight structures may have harmful effects on 

Fig. 8   Results for the flow magnitude of 360 m3/h and ATD setting 2, distance from the air terminal device 6 m; left: PIV measurement; right: 
ANSYS Fluent results

Fig. 9   Velocity histogram for the maximum airflow and ATD setting 
1

Fig. 10   Velocity histogram for the minimum airflow and ATD set-
ting 2
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occupants. This is why the aim of this research was to study 
the possibility of improvement of a VAV ventilation system.

When using classic VAV systems, the same air terminal 
device is used despite the changing airflow through the 
system. As the results from the study show, when using 
the same geometry of the air terminal device designed 
for the maximum airflow in VAV systems, the velocity of 
the air lowers when the airflow magnitude lowers through 
the system according to its characteristics. This indicates 
that the air throw of classic VAV systems is strictly defined 
by the airflow.

However, when using the proposed air terminal device 
with a dynamically changing geometry, the air throw 
remains roughly the same when altering the diameter 
accordingly to the airflow. This means that the indoor air 
quality can be improved by using such systems, since the 
air throw does not depend on the airflow through the ven-
tilation system and can be adjusted according to the air 
magnitude. The system using this solution would main-
tain proper IAQ and help maintain the hygienic levels of 
contaminants.

Both the PIV measurements and CFD simulations are 
shown as valid tools for the indication of IAQ. The limita-
tion of the study was that the PIV system was a two-dimen-
sional one. However, the results indicate that the velocity 
field was shown sufficiently detailed for the purposes of 
this study. This motivates further studies on airflow pat-
terns for other outlet air terminal devices and further 
defines their influence on thermal and hygienic comfort.
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