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Abstract  

At first sight, air suppliers are supposed to have a significant influence on thermal comfort and indoor 

air quality, but they also deal with the energy consumption of buildings. Therefore, energy 

consumption can be reduced using low pressure drop systems. 

 

The aim of this thesis is to analyze a new air terminal device designed for impinging jet ventilation in 

order to identify possible operating problems and to propose a new geometry satisfying requirements, 

and, consequently, reduce energy consumption for ventilation purposes in residential buildings. This 

method is called “expanded impinging jet air supply method” because draught is reduced using low 

velocities than other types of impinging ventilation devices.  

 

Most relevant benefits of impinging jet ventilation are: 

 

• It supplies air at higher momentum than displacement ventilation systems, and lower 

momentum than mixing ventilation systems in some cases. 

• It is possible to achieve higher air exchange efficiency than in using mixing 

ventilation and more or less same as using displacement ventilation. 

• It offers possibility of jet entrainment as in mixing ventilation. 

• Air can be heated before entering into the room, in contrast to displacement 

ventilation. For that reason, this type of system has potential applications for heating 

and cooling rooms. 

 

Moreover, energy consumption needed for expanded impinging jet ventilation can be highly reduced 

in comparison with other ventilation systems. Pressure drops are lower in this type of air terminal 

devices than in traditional ones. 

 

In consequence, different CFD simulations have been carried out and this report tries to reflect the 

process followed to find the best possible solution. The first design has been analyzed and after that 

different parametric studies have been performed. Using results extracted from those studies, a new 

geometry has been proposed satisfying all requirements. 

 

The results show that the expanded impinging jet air supply method can reduce energy consumption of 

ventilation systems more than 60%. Using the air terminal device design proposed, outlet velocity 

profiles are suitable for impinging jet ventilation and recirculation is minimized in order to reduce 

losses.  
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1 Introduction 

Room air distribution is one of the most important parameters that affect thermal comfort and 

ventilation for space occupants and processes.   

At first sight, air suppliers are supposed to have a significant influence on thermal comfort and indoor 

air quality, but they also deal with the energy consumption of buildings. In the last years, several 

investigations in this field have been carried out. One of the main goals of building ventilation is to 

achieve greener and more environmentally friendly buildings.  For that reason, many efforts have been 

made to reduce as much as possible mean energy consumption of buildings and their impact on the 

environment. 

The major part of energy consumption for both industrial and residential buildings is due to HVAC 

systems (around 40%). It is widely known that fan input power depends on the flow rate and pressure 

difference.  

 � � � · ∆�
���	

 (1) 

 ∆� ∞ ��  � ∞ ∆��/� (2) 

where q refers to flow rate, ∆� means pressure difference and �� and  �	 are fan and motor efficiency 

respectively.  

Therefore, energy consumption can be reduced using low pressure drop systems. A reduction of 50% 

in the pressure drop of the system implies a 35% reduction in energy consumption. This thesis is based 

on a new air terminal device which is able to provide same air flows but with lower pressure drop and, 

consequently, energy consumption can be highly reduced. 

Another aspect that must be taken into account in air supply method designs is the influence of the 

ventilation system on the indoor air quality of the rooms. During the last decades, different ventilation 

standards have appeared and they have tried to solve the problem of indoor pollutant concentrations 

and pollutant sources in rooms. The main pollutant on which those standards are focused is CO2, 

although lately other contaminants have been analyzed. In order to improve, achieve and keep indoor 

air quality between certain limits, prescriptions of a minimum rate of outdoor air supply per occupant 

have been proposed by different authors. It is obvious that the way pollutants are removed from indoor 
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air, i.e. the way air is removed, affects their concentration in rooms. Therefore, ventilation systems 

have been designed and analyzed in order to improve removal of pollutants in rooms. 

Least but not last, the problem of noise is also very important when an air terminal device is analyzed. 

This topic has not been discussed in this thesis, but it is becoming more and more important during 

last years. It deals with so called “comfort ventilation”. Noise affects indoor quality and that is one of 

the reasons why it should be considered in design stages of any ventilation system. 

Consequently, it is important to take into account all these aspects in the early stages of ventilation 

design, because changes on the product development have lower impacts on costs in the first design 

stages than in the latest ones, as it can be seen on figure 1. 

 

 

Fig.1 - Traditional cost of change curve (Source: Scoot W. Ambler, 2002) 

 

In order to analyze and optimize the system before production and manufacturing, computational fluid 

dynamics (CFD) is very useful tool that has been applied in product development in the last three 

decades. In some cases, CFD packages can replace expensive and difficult experiments and time can 

be used in more efficient ways. However, simulations cannot be used without taking into account that 

experiments and real measurements are one of the most reliable sources of information and validation 

and, therefore, both must be considered in any design.  
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Simulations 
Faster and cheaper than experiments 

Simplification of reality – Experimental validation is required 

Experiments 
More similar to reality 

Slower, laborious and difficulty to measure some variables 

 

“The best process minimizes disadvantages and optimizes advantages of both methodologies.” 

 

According to the previous information, the aim of this thesis is to analyze a new air terminal device 

used for impinging ventilation in order to identify possible operating problems and to propose a new 

geometry satisfying requirements, and, consequently, reduce energy consumption used for ventilation 

purposes in residential buildings.  

 

To that end, different CFD simulations have been carried out in order to find the best solution 

possible. The system has been modeled as part of a residential building, so air flows used in 

simulations are the typical ones in that context. The software used for CFD calculations is ANSYS 

Fluent 14.0. The software used for geometry and mesh generation is Gambit 2.2.30. 
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2 Theory 

2.1 Ventilation systems 

2.1.1 Air jet fundamentals 

A jet is the most important single type of flow occurring in ventilation. It is the base of any ventilation 

system and it is the primary factor affecting room air performance. It is defined as the discharge of 

fluid room from an opening into a larger body of the same or similar fluid (Fisher, 1979).  

 

The behavior of jet depends on different parameters. The most important ones are (Halton): 

− Jet type 

− Horizontal direction of the jet 

− Vertical direction of the jet 

− Supply air flow rate 

− Temperature difference between supply and room air 

− Interaction with jet from other diffusers, other air flows or obstacles. 

 

During its expansion, it is possible to identify 4 different zones in an air jet, in terms of the maximum 

velocity and temperature differential at the cross section (Ashrae, 2009; Awbi, 2003): 

 

 

Fig.2 – Jet Expansion Zones (Source: Awbi, 2003) 

 

− Zone 1 – Potential core region: Short core zone extending between four or six diameters or 

widths from the outlet face, in which maximum velocity of the airstream remain practically 

unchanged (Um ≈ U0). 

 

− Zone 2 – Characteristic decay region: Transition zone, where its length depends on the type of 

outlet, aspect ratio of the outlet, initial turbulence, etc. It is negligible for circular or square 

openings. The maximum velocity is given by: 
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 �	∞ 1
�� (3) 

where n is an index whose value is in the range of 0.33 to 1 depending on the aspect ratio of 

the opening. 

 

− Zone 3 – Axisymmetric decay region: Fully developed flow zone, which extends up to about 

100 outlet diameters. The maximum velocity is given by: 

 �	∞ 1
� (4) 

− Zone 4 – Terminal region: Zone of diffuser jet degradation, where maximum velocity and 

temperature decrease rapidly. The maximum velocity decays with the square of the distance: 

 �	∞ 1
�� (5) 

In general terms, regions 1 and 2 are dominant for plane jets (2D) and 1 and 3 for axisymmetric jets 

(3D). The most engineering important part is zone 3 because, in most cases, the diffuser jet enters the 

occupied area within this zone.  

 

Jets can be mainly divided into 4 different groups, according to its shape (Awbi, 2003): 

− Circular jet: Zone 2 is small and zone 3 is the most extensive zone where the maximum 

velocity may be represented by: 

 
�	
��

� �� · ��
�  (6) 

where KV  is called “throw constant”, which is in the range 5.8 to 7.3, and d0 is the diameter of 

supply opening. 

 

− Plane jet: Zone 2 is significant, in which the jet velocity is given by the following equation, 

where h is the height of the opening and KV is 2.47. 

 

�	
��

� ��
�� ��

 
(7) 
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− Radial jet: A radial jet is produced by the radial flow of a fluid between two closely spaced 

discs. The velocity decay equation is given by (Rajaratnam, 1976): 

 
�	
��

� 2.47
� �� ���

�  (8) 

where r0 is the radius of disk, r is the radius from the centre of disc and h is the distance 

separating the two discs. 

 

− Swirl Jet: The jet has an axial component of velocity as well as an angular component. They 

can be obtained from: 

 
�	
��

�  ! · ��
�  (9) 

 

"	
"�

�  #
$� ��� %� 

(10) 

where U0 is the initial axial velocity, W0 is the initial angular velocity and Cu and CW are 

constants that depend on the degree of swirl. 

 

 

Fig.3 – Supply air jet types according to jet shape (Source: Halton) 

 

2.1.2 Wall Jets – Coanda Effect 

If a jet flows unobstructed, it is then called “free jet”. On the other hand, it is called “wall jet” if it 

attaches to a surface. This fact strongly affects the jet development during its entrance to the room. In 

all the previous explanations, free jet was assumed. However, wall jets have a different behavior.  
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Wall jets are influenced by the boundary layer next to the surface on the wall jet and because there is 

no secondary fluid on the surroundings of that side of the jets. The velocity at exit from the opening is 

parallel to a surface. The most common type is the plane wall jet.  

 

Fig.4 – Jet expansion zones of a plane wall jet (Source: Awbi, 2003) 

 

In normal conditions, i.e. free jets, room air moves into the jet caused by the airstream discharged 

from the outlet. This effect is known as entrainment (also known as secondary air motion). 

 

 

Fig.5 – Entrainment effect in a free jet (Source: Ashrae Handbook 2009) 

 

However, when the jet is closer to a wall, its behavior changes. It is what is known as Coanda Effect. 

The restriction to entrainment caused by the wall makes the jet attach to the surface a short distance 

after it leaves the outlet. This creates a pressure difference across the jet which causes it to curve 

towards the surface. The jet remains attached to the wall a certain distance before it separates again.  

 

Therefore, according to Bernoulli equation, a wall jet will travel a higher velocity than a free jet, 

because lower pressures are associated with high velocities. 
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Fig.6 – Coanda effect in a wall jet (Source: Ashrae Handbook 2009) 

 

2.1.3 Impinging Jets 

An impinging jet is the flow produced from an air supply opening situated away from a surface with 

the flow impinging on the surface. In the case of flow impinging perpendicular to the surface, a radial 

wall jet forms on the surface. As can be seen in the following pictures, three jet regions can be 

described (Awbi, 2003) 

 

 Fig.7 – Jet expansion zones and radial configuration of a impinging jet (Source: Karimipanah & 

Awbi, 2002) 

 

This type of jet has been recently applied to a new type of ventilation system in Sweden. The 

following proportionality has been obtained and applied in this type of jets (Karimipanah, Awbi, 

2002): 

 
�	&'�� � ( �

)*�
+

,-.-
 (11) 

where A0 is the area of the supply opening. 
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2.1.4 Air distribution systems 

2.1.4.1 Piston Flow Ventilation 

This type of ventilation is the simplest type of air distribution system. The flow is a unidirectional flow 

of air in which outdoor air propels the contaminated room air ahead of it. Therefore, the room is 

continuously cleaned by outdoor air and it results in little spread of the contaminant. Piston flow is 

used in clean rooms and operating rooms where high airflow rates are vital (Cehlin, 2006). 

 

 

Fig.8 – Concept of piston flow (Source: Cehlin M. 2006) 

 

 

Fig.9 – Clean room (Source: Armscor) 

 

2.1.4.2 Mixing Ventilation 

The target of mixing ventilation applications is to diffuse the supply air into the space so that the 

thermal conditions and eventual contaminant concentrations are uniform either in the entire space or in 

a specific zone of the space (Halton, 2012).  
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In order to achieve a good mixing, air is supplied at a high momentum, because recirculation and good 

mixture with indoor air are necessary to reach acceptable efficiencies. Roughly speaking, this system 

tries to dilute pollutant concentrations with fresh air. However, this configuration is usually less 

efficient than other air supply methods.   

 
Fig.10 – Concept of mixing ventilation (Source: Cehlin M. 2006) 

 
 

In mixing systems, high velocity supply jets from air outlets maintain comfort by mixing room air 

with supply air. Occupant comfort is maintained not directly by motion of air from the outlets, but 

from secondary air motion that results from mixing in the unoccupied zone. The main characteristics 

of mixing ventilation are: 

 

− High air supply in the room 

− High velocity supply (> 1m/s) 

− Uniform temperatures and contaminant distribution 

− It can be used in heating and cooling modes at relatively high loads. 

− Low overall efficiency 

− Possibility of dumping (break away of the ceiling jet into the middle of the room with cold 

jets) 

This method can be used in isothermal or non-isothermal conditions. The concern of this study is 

based on isothermal ventilation. However, it is important to highlight that buoyancy-controlled mixing 

ventilation is based on isothermal conditions.  The supply air temperature can be higher in winter and 

lower for cooling purposes in summer conditions. 

 

According to the previous characteristics, the air diffusion in the room is therefore a very important 

factor in this type of systems. The fresh air comes into the room through so called diffusers (Air 
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terminal devices) and a jet is created. The air diffusion is influenced by the following parameters and 

characteristics (Halton, 2012): 

 

− Supply Air flow rate 

− Temperature difference between supply and ambient room air 

− Diffuser type, jet type and jet direction 

− Diffuser location in room 

− Distance from ceiling and walls 

− Interaction with other air jets and air currents (e.g. convective currents from warm or cold 

surfaces) 

− Location of exhaust 

 

There is a wide variety of diffuser types for mixing ventilation that can be installed according to 

desired effectiveness, air velocities and thermal conditions. In the following picture some examples 

are presented. 

 

 Fig.11 – Diffuser Types (Source: Halton, 2012) 

 

2.1.4.3 Displacement Ventilation 

Both displacement and piston flow ventilation rely on displacing the room air with fresh air supply. 

However, now the buoyancy (temperature differences) is the main driving force, in opposition with 

piston flow ventilation, where the driving force is the momentum of supply air. 
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Fig.12 – Concept of displacement ventilation (Source: Cehlin M. 2006) 

 

The working principle on displacement ventilation is that cool air is supplied in lower level into the 

room with low momentum. Therefore, the cold air moves the contaminated air from the occupied zone 

to the higher part of the room due to buoyancy forces, where the extraction point of the exhaust air is 

located. The efficiency of this type of ventilation is influenced by the number of heat sources 

operating in the room. However, it is usually more efficient that mixing ventilation systems. 

 

 

Fig.13 - Supply airflow patterns for different supply air temperatures (Source: Halton, 2012) 

 

 

Fig.14 – Diffusion jet zones in displacement ventilation (Source: Awbi, 2003) 



Pablo Garcia Valladolid Expanded Impinging Jet Air Supply Method 

 

16 

Since a wall terminal supplies air at a low velocity and temperature below the room air temperature, 

the flow near the supply unit is stratified, which drops and spreads over the floor. According to figure 

14, three zones can be defined in a displacement ventilation jet (Awbi, 2003): 

 

− Zone 1 - This is the region close to the inlet device where the flow is governed by the design 

characteristics of the device and the initial velocity. 

 

− Zone 2 - This is a buoyant region where the flow accelerates towards the floor due to the 

temperature difference between the supply and room air. The potential energy is converted 

into kinetic energy causing the flow to spread over the floor. 

 

− Zone 3 - This is the stratified zone where the flow warms up as it reaches the walls and heat 

sources in the room and rises upwards taking with it any contaminants present in the room to 

the extract at high-level. 

 

The main characteristics of displacement ventilation are (Awbi, 2003): 

 

− Low location of supply opening and high location of return opening 

− Low supply velocity (< 0.5 m/s) 

− Free convection around the heat sources 

− Stratified flow in the room 

− Vertical temperature concentration gradients 

− Air movement is controlled by buoyancy 

− It can only be used for cooling with low loads 

 

According to the previous characteristics of displacement ventilation, it is a preferable method where 

specific airflow rates are high (theatres, conference rooms, etc.), where high contaminant loads exist 

(industry, smoking areas, etc) and where the height of the space is more than 3 meters.  

 

As it is mentioned before, this system has better effectiveness that mixing ventilation, although it has 

the disadvantage of not being useful for cooling (valid only for low cooling levels) and heating loads. 
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Fig.15 – Flow pattern differences between mixing and displacement ventilation (Source: Awbi, 2003) 

 

 

 

 

Fig. 16 - Example of displacement ventilation diffuser (Source: Comfort Displacement, UK) 
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2.1.4.4 Hybrid ventilation systems 

This type of systems are being developed with the aim of combining both mixing and displacement 

ventilation system, and therefore be able to avoid their disadvantages and seize their advantages. In 

terms of flexibility, high momentum ventilation systems are better that buoyancy based ventilation 

systems. 

 

1. Impinging Jet Ventilation  

 

The supply device is located a certain distance above the floor (see figure 7). This system 

combines some characteristics of mixing and displacement ventilation. The most relevant are 

(Karimipanah, Sandberg & Awbi, 2000): 

 

• It supplies air at higher momentum than displacement ventilation systems, and lower 

momentum than mixing ventilation systems in some cases. 

• It is possible to achieve higher air exchange efficiency than in using mixing 

ventilation and more or less same as using displacement ventilation. 

• It offers possibility of jet entrainment as in mixing ventilation. 

• Air can be heated before entering into the room, in contrast to displacement 

ventilation. For that reason, this type of system has potential applications for heating 

and cooling rooms. 

• Number of particles in the air and allergic substances in the air are less than in 

traditional supply systems. 

 

 

Fig.17 – Smoke visualization of impinging jet ventilation (Source: Karimipanah, Sandberg & Awbi, 

2000) 
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In case of Sweden, Air innovation AB has developed the Impinging Jet System (Air Queen®). 

This ventilation system uses a downward jet on to the room floor thus creating an upward 

displacement due to heat sources. This system can work with larger cooling loads than 

displacement flow and it can be used for heating purposes. 

 

This current thesis is based on this type of ventilation working principle and it is focused on 

the air terminal device used for the air supply. It is called “expanded impinging jet air supply 

method” because outlet area is larger than inlet area, and therefore outlet velocities are 

reduced and there is lower probability of draught. 

 

 

Fig.18 – Air motion with Air Queen® system (Source: Awbi, 2011) 

 

2. Confluent Jets Ventilation 

 

Confluent Jets have been used for different purposes since long time ago, although they have 

not been applied to ventilation till last years. In case of Sweden, Fresh AB has developed the 

Confluent Jets air supply system (Softflo®).  

 

In this type of system, air is supplied from a large number of small air nozzles on a duct or 

similar. The small jets created merge to form a wall jet on the floor. The resulting flow is the 

room is a combination of mixing and displacement flows. 
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Fig.19 – Air motion in Confluent Jets Ventilation (Source: Fresh AB) 

 

 

 

Fig.20 – Examples of confluent jets diffusers (Source: Fresh AB) 
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2.2 Computational Fluid Dynamics

The aim of this section is to highlight some important concepts that highly affect all simulations 

presented on this thesis and to describe the methodology used in the solution process.

 

The software used for geometry and mesh generation is Gambit 2.2.30 and for CDF calcu

ANSYS Fluent 14.0 has been run. The curve of the model has been generated programming a code in 

Fortran95. Further information about curve generation is found in 

 

Due to the fact that walls have a high

account the size of the air terminal device analyzed, so called enhanced wall functions has been used 

in ANSYS Fluent 14.0. According to the 

treatment is enabled, factor y+ must b

very fine in wall vicinities.  

 

The accuracy of results is highly affected by this parameter. Therefore, the methodology used in the 

solution process is based on achieving both low residuals and

 

Fig.2

Expanded Impinging Jet Air Supply Method

21 

Computational Fluid Dynamics 

section is to highlight some important concepts that highly affect all simulations 

presented on this thesis and to describe the methodology used in the solution process.

geometry and mesh generation is Gambit 2.2.30 and for CDF calcu

Fluent 14.0 has been run. The curve of the model has been generated programming a code in 

Fortran95. Further information about curve generation is found in appendix A. 

ave a high influence on the behavior of flow patterns and taking into 

account the size of the air terminal device analyzed, so called enhanced wall functions has been used 

According to the ANSYS CFX – Solver Theory Guide, when enhanced wall 

treatment is enabled, factor y+ must be around 1 in the wall region. It means that the mesh must be 

The accuracy of results is highly affected by this parameter. Therefore, the methodology used in the 

solution process is based on achieving both low residuals and low y+ values (≈ 1). 

21 – Methodology used in solution process 
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section is to highlight some important concepts that highly affect all simulations 

presented on this thesis and to describe the methodology used in the solution process. 

geometry and mesh generation is Gambit 2.2.30 and for CDF calculations 

Fluent 14.0 has been run. The curve of the model has been generated programming a code in 

patterns and taking into 

account the size of the air terminal device analyzed, so called enhanced wall functions has been used 

Solver Theory Guide, when enhanced wall 

e around 1 in the wall region. It means that the mesh must be 

The accuracy of results is highly affected by this parameter. Therefore, the methodology used in the 

≈ 1).  
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Fig.22 – Example of converged residuals after y+ adaptation 

 

 

Fig.23 – Valid y+ values for enhanced wall treatment after y+ adaptation 

 

 

Fig.24 – Cell refinement for y+ adaptation using Fluent command “Adapt” 
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3 Process and results 

The process followed in this work can be divided into four different parts: 

1. First design analysis: It consists of a study of the behavior of the original model, analysis of 

main results and search of possible improvements. 

2. Parametric study: It is based on a detailed study of the effect of different geometrical 

parameters on the behavior of the system. 

3. Extra calculations: Some calculations have been made in order to facilitate and improve the 

selection of a final design. 

4. Final design analysis: It consists of a study on the final design under different working 

conditions. 

 

This air terminal device is going to be used for residential purposes. Therefore, it is assumed that it is 

going to be run at around 30 l/s maximum. This value has been used in all calculations of the stages 1 

and 2. On the final design analysis, the model has been tested with 10, 20 and 30 l/s flow. 

 

Boundary conditions are different between different models and they are given in each section 

separately. Solver and model options which are common for all simulations are shown in the following 

table: 

Model settings 

Space 2D 

Time Steady 

Viscous RNG k-epsilon 

Wall Treatment Enhanced Wall Treatment 

Heat Transfer Disabled 

Material settings Fluid Air 

Table 1 – Common Fluent settings for all simulations 

 

The previous characteristics are the most relevant in all calculations. Detailed report about settings and 

input data on Fluent can be found on appendix B.  

 

It is obvious that if all models are run under 30 l/s and they have different inlet area in some cases, 

inlet and outlet velocities will differ between cases. It is based on the continuity equation for fully 

developed flows. Therefore, boundary inlet conditions and hydraulic diameters used in backflow 

modeling are different in each case. Detailed information about boundary conditions can be found on 

appendix C.  
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3.1 First Design Analysis

3.1.1 Geometry and Mesh Generation of the original model

The software Gambit has been used to generate the CFD model of the design. It

following pictures. It is based on a 90mm square inlet and a 500mm rectangular outlet

point is located at 350mm from the outlet.

Fig.25

Fig.
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First Design Analysis 

Geometry and Mesh Generation of the original model 

been used to generate the CFD model of the design. It

following pictures. It is based on a 90mm square inlet and a 500mm rectangular outlet

point is located at 350mm from the outlet. 

25 – Plan of the original design in millimeters 

 

Fig.26 – 3D model of the original design 

Expanded Impinging Jet Air Supply Method 

 

been used to generate the CFD model of the design. It is described in the 

following pictures. It is based on a 90mm square inlet and a 500mm rectangular outlet. The matched 
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The curve has been designed using the programming software Fortran95. The code used can be found 

in appendix A. The geometry has been implemented in Gambit and

to the fact that the geometry is not very complicated, a small cell size

to easily increase the accuracy of the results. 

 

Table 2

Fig.27 – Original design meshed with 5mm quadrilateral conformal cells

As can be seen in the previous picture, the symmetry of the model has been used and only half is 

represented. It has been analyzed as 2D geometry because wall effect can be avoided in this design 

stage. Therefore, faster calculations can be run due to the lower number of cells of the model.

composed by 10350 quadrilateral cells.
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The curve has been designed using the programming software Fortran95. The code used can be found 

The geometry has been implemented in Gambit and then it has been run in Fluent

the fact that the geometry is not very complicated, a small cell size (5mm) has been chosen in order 

to easily increase the accuracy of the results.  

Gambit Option 

 Element Type Quad Map 

Smoother None 

Cell size 5mm 

Spacing mode Interval size 

Table 2 – Meshing options chosen in Gambit 

 

Original design meshed with 5mm quadrilateral conformal cells

 

As can be seen in the previous picture, the symmetry of the model has been used and only half is 

It has been analyzed as 2D geometry because wall effect can be avoided in this design 

Therefore, faster calculations can be run due to the lower number of cells of the model.

composed by 10350 quadrilateral cells. 

Expanded Impinging Jet Air Supply Method 

 

The curve has been designed using the programming software Fortran95. The code used can be found 

then it has been run in Fluent. Due 

has been chosen in order 

 

Original design meshed with 5mm quadrilateral conformal cells (Gambit) 

As can be seen in the previous picture, the symmetry of the model has been used and only half is 

It has been analyzed as 2D geometry because wall effect can be avoided in this design 

Therefore, faster calculations can be run due to the lower number of cells of the model. It is 
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3.1.2 CFD analysis of the original model 

Due to the fact that enhanced wall treatment of near wall cells is enabled, the mesh has been adapted 

to achieve y+ requirements. In these cases, y+ must have a value around 1 in cells adjacent to the wall 

in order to solve the laminar sublayer, as it has been explained in section 2.2.  

The boundary conditions of this case have been set according to the following data. The model has 

been run under 30 l/s flow. Detailed information about calculations can be found in appendix C. 

 

Boundary Type 

Velocity_inlet 

Velocity Magnitude 3.7 m/s 

Turbulence 
Turbulent Intensity 1% 

Hydraulic Diameter 0.09 m 

Pressure_outlet 

Gauge Pressure 0 Pa 

Turbulence 
Backflow Turbulent Intensity 1% 

Backflow Hydraulic Diameter 0.1525 m 

Table 3 – Boundary conditions for first design case 

 

The main results are presented in the following pictures.  

 

 

Fig.28 – Pathlines colored by velocity magnitude of the original model (ANSYS Fluent 14.0) 



Pablo Garcia Valladolid Expanded Impinging Jet Air Supply Method 

 

27 

 

Fig.29 – Outlet velocity profile of the original model 

 

According to the previous pictures, it is clearly demonstrated that the original design does not work 

properly. It is possible to see a relevant recirculation bubble inside the device that even affects the 

outlet. The flow cannot get attached to the wall even in the first part of the curve. 

 

 

Fig.30 – Starting recirculation point in the original model (ANSYS Fluent 14.0) 

 

Therefore, the outlet velocity profile differs a lot from a “top hat” profile. As figure 28 shows, velocity 

is not close to zero only near the wall. The recirculation bubble covers 8 cm of outlet length, what 

means that around 30% of the outlet area is affected by recirculation.  
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The following sections try to find a better design of the air terminal device in order to achieve the 

following goals: 

1. Avoid outlet and minimize interior recirculation: Some recirculation in the interior area can be 

accepted if it is clearly negligible and it does not affect the outlet area. 

2. Get outlet velocities according to impinging jet ventilation requirements. It is needed high 

momentum at the outlet, so velocities should be above 0.5 m/s. 

3. Get an outlet profile as similar as possible to a “top-hat” profile: It is important to have as 

much homogeneous outlet velocities in the outlet area as possible in order to have better 

efficiency of the system. 

 

3.2 Parametric Study of Geometrical Parameters 

There are 3 different parameters that could be changed in order to improve the efficiency of the 

original model: 

• Outlet: The current outlet area is 0.09 x 0.5 m2. Therefore, in order to avoid recirculation, 

models with lower length have been simulated (200, 300, 400 and 500 mm). 

• Inlet: The current square inlet area is 0.09 x 0.09 m2. In order to reduce inlet velocity, and 

therefore avoid recirculation, models with larger inlet dimension have been simulated (90, 130 

and 180 mm) 

• Matched Point: The curve part of the model that connects the inlet and the outlet is formed by 

two different curves. It is possible to change the point where both curves match. The matched 

point distances from outlet analyzed are 200, 350 and 500 mm.  

 

Therefore, different geometries have been simulated in order to analyze the influence of the different 

geometrical parameters in the model. 

3.2.1 Inlet effect 

In this case, the outlet dimension is constant (500 mm), while the influence of different inlet size is 

analyzed under different matched points.  Information about boundary conditions used is located in 

appendix C. 
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Fig. 31 – Outlet velocity profiles with outlet 500mm and matched point 200mm 

 

 

  

Fig. 32 – Outlet velocity profiles with outlet 500mm and matched point 350mm 
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Fig. 33 – Outlet velocity profiles with outlet 500mm and matched point 500mm 

 

According to the previous results, it has been proved that the only way to maintain a 500 mm outlet 

without having outlet recirculation is using a bigger inlet area. In this case, it is necessary to reach 180 

mm square inlets to avoid recirculation in the outlet area.  However, outlet velocities are too low to be 

considered for impinging ventilation. High momentum is needed and it cannot be achieved with outlet 

velocities of 0.5 m/s.  
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*@A>?=

� 2.78 

 

Apart from velocities, it is difficult to find any influence of having higher matched point, although 

there is a slightly reduction of recirculation with higher matched points in some case. 

 

Therefore, it can be concluded that big outlets are not the best option for having high momentum 

outlet flow and it is necessary to use large inlets to avoid recirculation. 

3.2.2 Outlet effect 

In this study, inlet is based on a 0.09 x 0.09 m2 area, while using different matched points, the 

influence of different outlets is analyzed. Boundary conditions are the same as in the original case, 
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although the hydraulic diameter used in backflow modeling changes according to each type of outlet. 

Detailed information about boundary conditions can be found in appendix C. 

 

 

Fig. 34 – Outlet velocity profiles with inlet 90mm and matched point 200mm 

 

  

Fig. 35 – Outlet velocity profiles with inlet 90mm and matched point 350mm 

0

0.5

1

1.5

2

2.5

0 0.05 0.1 0.15 0.2 0.25

V
e

lo
ci

ty
 M

a
g

n
it

u
d

e
 (

m
/s

)

Distance from Axis (m)

30 l/s - Inlet 90mm - Matched Point 200mm

outlet 200mm

outlet 300mm

outlet 400mm

outlet 500mm

0

0.5

1

1.5

2

2.5

0 0.05 0.1 0.15 0.2 0.25

V
e

lo
ci

ty
 M

a
g

n
it

u
d

e
 (

m
/s

)

Distance from Axis (m)

30 l/s - Inlet 90mm - Matched Point 350mm

outlet 200mm

outlet 300mm

outlet 400mm

outlet 500mm



Pablo Garcia Valladolid Expanded Impinging Jet Air Supply Method 

 

32 

 

Fig. 36 – Outlet velocity profiles with inlet 90mm and matched point 500mm 

 

As can be seen on the previous pictures, it is possible to avoid outlet recirculation using outlet 200 mm 

and inlet 300 mm. An inlet of 90 mm is too small for outlets up to 400 mm because outlet recirculation 

appears. Moreover, outlet velocities are in the range of high momentum and they can be then used for 

impinging ventilation (around 2 m/s at maximum flow) 

 

./ /01231 �345�402615/7  57231 90:: /01231 300::  *<!=>?=
*@A>?=

� 3.33 

 

Differences between using different matched points are relatively important. For example, the velocity 

profile next to the wall in the case of outlet 300 mm and matched point 500 mm has a better profile 

than using 200 or 350 mm matched point. 

 

Therefore, it is possible to say that the optimal outlet length for a 90 mm inlet is 300 mm, while 

500mm matched point gives better behavior than the others. 

3.2.3 Matched point effect 

Finally, the influence of the matched point position has been tested using different types of models. It 

has been considered 3 different matched points: 200, 350 and 500 mm. There are several possibilities 
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but cases have been chosen in order to determine if it is possible to avoid recirculation and if it is 

possible to achieve better outlet profiles. Then, selected cases are presented in the following table: 

 

Case Inlet (mm) Outlet (mm) Outlet recirculation 

1 90 200 No 

2 90 300 No 

3 90 400 Yes 

4 90 500 Yes 

5 130 500 Yes 

6 180 500 No 

Table 4 – Cases for matched point effect analysis 

 

Each case shown on table 4 has been run on Fluent. Outlet velocity profiles of each case are presented 

in the following pictures.  

 

 

Fig. 37 – Outlet velocity profiles with inlet 90 mm and outlet 200 mm 

 

 

0

0.5

1

1.5

2

2.5

0 0.05 0.1 0.15 0.2 0.25

V
e

lo
ci

ty
 M

a
g

n
it

u
d

e
 (

m
/s

)

Distance from Axis (m)

30 l/s - Inlet 90mm - Outlet 200mm

Matched Point 200mm

Matched Point 350mm

Matched Point 500mm



Pablo Garcia Valladolid Expanded Impinging Jet Air Supply Method 

 

34 

  

Fig. 38 – Outlet velocity profiles with inlet 90 mm and outlet 300 mm 

 

 

 

Fig. 39 – Outlet velocity profiles with inlet 90 mm and outlet 400 mm 
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Fig. 40 – Outlet velocity profiles with inlet 90 mm and outlet 500 mm 

 

 

  

Fig. 41 – Outlet velocity profiles with inlet 130 mm and outlet 500 mm 
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Fig. 42 – Outlet velocity profiles with inlet 180 mm and outlet 500 mm 

 

Cases can be divided into those ones where there is no recirculation and those ones where it appears. 

However, the effect is the same in both cases. Better results are achieved using higher matched points. 

In those cases where there was no recirculation, the outlet profile is more similar to a “top-hat” profile 

to a greater or lesser extent, as it was suspected in previous sections. 

 

On the other hand, in those cases where recirculation appears, it is possible to slightly reduce the 

length of the recirculation bubble, but it is not possible to erase it. 

 

Therefore, it can be asserted that it is better to have higher matched points in order to achieve better 

outlet velocity profiles, but recirculation cannot be highly reduced with this method. 

 

The three main conclusions that have been extracted from the previous Parametric study are: 

 

“Big outlets are not the best option for having high momentum outlet 

flow and it is necessary to use large inlets to avoid recirculation.” 

  

“The optimal outlet length for a 90 mm inlet is 300 mm, while 500mm 

matched point gives better behavior than the others.” 
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“It is better to have higher matched points in order to achieve better 

outlet velocity profiles, but recirculation cannot be highly reduced with 

this method.” 

 

Consequently, it can be asserted that the best configuration cannot be based on big outlets because it 

means low velocities (low momentum) due to the use of big inlets. Moreover, changes on matched 

point must be used to increase the efficiency of a current good solution.  

 

3.3 Extra Calculations for Searching Best Solution 

In the previous sections, a lot of different cases have been analyzed. However, there are some other 

possibilities that are not necessary to run to search tendencies, but they have been analyzed before 

taking the final decision and before choosing the definitive model. 

 

All possible combinations are found on table 6. In that table it is highlighted those cases where there is 

recirculation and those ones where it does not appear. 

 

  
AOUTLET / AINLET 

  
Outlet (mm) 

  
200 300 400 500 600 

Inlet 

(mm) 

90 2,22 3,33 4,44 5,56 6,67 

110 1,82 2,73 3,64 4,55 5,45 

130 1,54 2,31 3,08 3,85 4,62 

150 1,33 2,00 2,67 3,33 4,00 

180 1,11 1,67 2,22 2,78 3,33 

      

  
RECIRCULATION 

 
NO RECIRCULATION 

Table 6 – Design possibilities and relation of areas of each case 

 

 

As can be seen in the previous table, “inlet 90 mm – outlet 300 mm” is the no recirculation case with 

the highest relation between areas, followed by “inlet 130 mm – outlet 400 mm” case.  
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Outlet fully developed flow velocity (m/s) 

  
Outlet (mm) 

  
200 300 400 500 600 

Inlet 

(mm) 

90 1,667 1,111 0,833 0,667 0,556 

110 1,364 0,909 0,682 0,545 0,455 

130 1,154 0,769 0,577 0,462 0,385 

150 1,000 0,667 0,500 0,400 0,333 

180 0,833 0,556 0,417 0,333 0,278 

Table 7 – Outlet fully developed velocity for each case 

 

On table 7 outlet fully developed flow velocities under 30 l/s flow are shown. Calculations are 

presented on appendix E. Although this velocity could be achieved only with longer geometries, it is a 

good mean of velocities that could be achieved in reality. It has been proved in previous sections that 

velocity is higher in the middle and lower in the wall vicinities than the corresponding outlet fully 

developed flow velocity of each case. Taking into account that impinging ventilation needs high 

momentum flows, higher velocities are preferable to lower ones.  

 

3.4 Choice and Analysis of Final Design 

According to all previous simulations and analysis, it is proposed as new model the following one: 

 

 

Fig.43 - Plan of the final design in millimeters 
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Inlet 90 mm 

Outlet 300 mm 

Matched point 500 mm 

AOUTLET / AINLET 3.33 

Table 8 – Main parameters of new geometry after Parametric study 

 

It combines all characteristics needed for impinging ventilation (high momentum) and it has the 

highest area relation (3.33) of those cases where there is no recirculation at the outlet. The geometry of 

the new model is compared with the original one on the following picture. 

 

Fig. 44 – Comparison between original and new geometry of the model 

 

 

Fig.45 – Final design under 30 l/s - Pathlines colored by velocity magnitude (ANSYS Fluent 14.0) 
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Fig.46 – Final design under 20 l/s - Pathlines colored by velocity magnitude (ANSYS Fluent 14.0) 

 

 

 

Fig.47 – Final design under 10 l/s - Pathlines colored by velocity magnitude (ANSYS Fluent 14.0) 

 

 

As it can be seen on the previous pictures, recirculation has been highly reduced inside the device and 

now there is not outlet recirculation. Obviously, highest bubble appears with the highest air flow, 

although there is not a significant difference between cases.  

 

Consequently, new outlet velocity profiles have been improved and high momentum velocities are 

achieved, although 10 L/s air flows is quite closed to the limitation (0.5 m/s). In the following pictures, 

velocity profiles are represented. 
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Fig.48 – Outlet velocity profile of the final design under different working conditions  

 

 

  

Fig.49 – Decay of centerline velocity with different air flows (Lout = 150mm) 
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As it can be seen on figures 45 to 47, there is no so important recirculation bubble inside the air 

terminal device as it was in the initial design. Moreover, there is no recirculation at the outlet area and 

therefore, as it can be seen of figure 48, outlet velocity profiles are better than original ones.  

 

Normalized outlet velocities are shown on figure 49. In that picture, x refers to the perpendicular 

distance from the centerline to the wall and U0 means inlet linear velocity. As approximation, it is 

possible to find a curve representing the outlet velocity profile at any flow and it is given on table 9.  

 

 

Fig.50 – Approximation of outlet velocity profile for any flow (LOUT = 150 mm) 
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E<!=F H K (12) 

 

 
a b c d e f 

30 L/s - 5.13 11.08 - 7.11 0.65 0.04 0.48 

20 L/s - 4.32 8.74 - 5.03 0.12 0.02 0.48 

10 L/s - 3.86 7.46 - 4.31 0.42 - 0.19 0.48 

Approximation - 4.44 9.09 - 5.48 0.40 - 0.04 0.48 

Table.9 – Equation and coefficients for outlet velocity profiles 
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In relation with the pressure drop of the system, it can be obtained directly from ANSYS Fluent. It is 

necessary to highlight that pressure reference is situated at the outlet of the model. Therefore, static 

pressure represents pressure drop along the system, according to ANSYS User´s Guide for ANSYS 

Fluent 14.0.    

 

 

Fig.51 – Contours of static pressure (Pa) under 30 l/s (ANSYS Fluent 14.0) 

 

Air Flow 

(l/s) 

Pressure Drop 

(Pa) 

30 - 6.63 

20 - 2.97 

10 - 0.75  

Table 10 - Pressure drop (Pa) under different air flows 

 

Most air terminal devices produce pressure drops around 15-30 Pa with similar air flows, so it is 

clearly proved that this design has lower fan energy consumption than typical ones. Consequently, 

energy saving is around 60 and 80%, although it depends on which air terminal devices are taken into 

account. 
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4 Discussion 

The final design achieved satisfies all requisites of suitable impinging ventilation air terminal devices. 

In order to decide, different simulations have been carried out. It is widely known that computational 

fluid dynamics models are quite sensitive to the turbulent model used. In this thesis, k-ε RNG model 

has been selected, but it is possible to use other models. Experimental measurements must be done in 

order to confirm which turbulent model is closer to reality in this case. 

 

 

Fig.52 – Pathlines colored by velocity magnitude using k- ε RNG viscous model (ANSYS Fluent 14.0) 

 

 

Fig.53 – Pathlines colored by velocity magnitude using k- ε realizable viscous model (ANSYS Fluent 

14.0) 
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Fig.54 – Pathlines colored by velocity magnitude using k- ε standard viscous model (ANSYS Fluent 

14.0) 

 

 

Fig. 55 – Outlet velocity profile of original geometry using different viscous models 

 

As it can be seen on the previous pictures, recirculation air motion is influenced by viscous model 

used. Therefore, outlet velocity profile depends on the viscous model used, although in this work it 

slightly changes. However, the only way to validate simulations is by experimental measurements, as 

it has been explained in the introductory section.  
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Another aspect that should be taken into account is the length of the device. It has been set as 1000 

mm in all simulations, but it should be analyzed the influence of longer devices in the outlet velocity 

profile and pressure drop. This can be a tedious work, more suitable for future works, but here is 

presented a short comparison between the final design and a longer alternative. 

 

 

Fig.56 – Comparison between the final design and a 250 mm longer alternative 

 

 

Fig. 57 – Length influence on outlet velocity profile of the final design 

 

If infinite outlet is assumed, it is assured that fully developed flow would be achieved. According to 

table 7, the outlet velocity would be around 1.1 m/s, although it will differ a bit due to friction effects 

(wall velocity must be zero). As it can be seen on the previous pictures, lower outlet velocities are 

achieved using longer geometries. Therefore, results of this work are suitable to change by changing 

device length, although it would fit better for industrial than residential purposes.  
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Finally, 2D model geometries have been constructed using Gambit. In reality, wall friction affects the 

air motion inside the device and recirculation can be reduced. However, 3D models are not necessary 

in order to find best solution, but they must be run in order to increase accuracy of results and more 

similar approaches to experimental data. 
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5 Conclusions 

Probably, one of the most important results of this thesis is that area relations up to 3 (mean value) 

produce recirculation under residential ventilation working conditions (see table 6). It means that 

impinging ventilation for residential purposes can be easily achieved. In the final geometry proposed, 

its value is 3.33, while the original one was 5.55. 

 

Residential Buildings → L*<!=>?=*@A>?= M
NOP

Q  3 R 0.3 (13) 

 

For industrial users, it will be necessary to study the system in detail. There is recirculation in 500 mm 

outlet devices even using big inlets under 30 L/s air flow. It means that, for industrial purposes, where 

higher air flows are used, it will be necessary to use larger devices with bigger lengths, in order to 

avoid outlet recirculation. 

 

Regarding pressure drops, it has been proved that it is possible to reduce the fan energy consumption. 

Expanded impinging air terminal devices have around 60 and 80% less pressure drop than other types 

of ventilation devices, so lots of applications are suitable for using the expanded impinging air jet 

supply method in future. 

 

The most relevant future works which could be done are: 

 

• Detailed length analysis: Using longer devices, transition between inlet and outlet can be 

smoother and it could be then possible to reduce recirculation under higher air flows. 

• 3D analysis: Friction effects can be important when CFD data is compared with experiments. 

Therefore, full 3D final model must be simulated before comparison.  

• Experimental measurements: Comparison between CFD simulations and real measurements 

must be carried out in order to validate the models used. 

• Room air motion: The system should be tested inside a room in order to visualize air motion 

produced and determine what type of ventilation produces and how it works. Impinging 

ventilation is supposed to have a better pollutant removal efficiency than others systems.   
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Appendix A – Curve generation 

The aim of this appendix is to give all necessary information to define the curve used in designs to 

connect the inlet with the outlet areas of the air supplier. 

 

The design of this air supplier implies the generation of a curve according to some restrictions. There 

are 4 different parameters that can be changed: 

 

• Inlet dimension: 90 to 180 mm square cross section (Variable: H2) 

• Outlet dimension: 200 to 500 mm wide cross section (Variable: H1) 

• Length: In this study, it is fixed as 1000 mm (Variable: XL) 

• Matched point: 200, 350 or 500 mm from outlet area (Variable: XM) 

 

Basic equations defining the curve are base on T. Morel, "Comprehensive Design of Axisymmetric 

Wind Tunnel Contractions" J. Fluids Engineering, 1975, pp 225-233. They have been modified to 

satisfy requirements of the model. The program is written in Fortran 95. Using this program, the 

output data file can be used directly as “vertex data” in Gambit 2.2.30. 

 

PROGRAM CONTRACTION 

CHARACTER KORT*80 

REAL :: X, XM, X1, X2, XL, H1, H2, Y, Z 

INTEGER :: I 

WRITE (6,3) 

3 FORMAT('   WRITE OUTPUT FILE (NAME)   "'$) 

READ (5,2) KORT 

2 FORMAT(A) 

OPEN (UNIT=11, FILE=KORT, STATUS='UNKNOWN') 

XM=350.0  ! Matched point 

H1=500./2. ! Outlet dimension 

H2=90./2. ! Inlet dimension 

XL=1000.0 ! Lenght 

X=0. 

Z=0. 

WRITE(11,*)"1000 1"  

DO 10 I=1,1000,1 

X1=X/XL 

X2=XM/XL 

IF (X.LT.XM) THEN 
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Y=(H1-H2)*(1-1/(X2**2)*(X1)**3)+H2 

ELSE 

Y=(H1-H2)/(1-X2)**2*(1-X1)**3+H2 

END IF          

WRITE(11,100)X,Y,Z 

100  FORMAT(4X,3F8.3) 

X=X+1 

10   CONTINUE 

STOP 

END PROGRAM 

 

Fig.A1 – Geometries variables used in Fortran 95 program for curve generation 
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Appendix B – ANSYS Fluent General Settings 

The aim of this appendix is to provide information about configuration and settings used in ANSYS 

Fluent 14.0 for all simulations. Input summary report is extracted from ANSYS Fluent 14.0. Boundary 

conditions settings are not included in this section due to the fact that they depend on geometry used in 

each case. They are provided in appendix C. 
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Appendix C – ANSYS Fluent Boundary Conditions 

The aim of this appendix is to provide information about calculations necessary to settle boundary 

conditions used in each simulation. 

 

For all simulations, inlet boundary condition is “velocity_inlet” type and outlet boundary is selected as 

“pressure_oulet”. Turbulence is specified using “intensity and hydraulic diameter” method for both 

boundaries. Turbulent intensity is always 1% due to the fact that in reality different size grids are used 

to reduce turbulence. 

 

 

Fig.C1 – Circular shape grids of different size (Source: Feng Yee Industrial Co.) 

 

Finally, “Wall” boundary is used in the curved wall and “symmetry” boundary is applied to the 

symmetry axis of models.  

 

• Velocity_inlet 

Velocity magnitude depends on inlet area and air flow selected in each case. For defining inlet 

turbulence, it is necessary to know the inlet hydraulic diameter. 

 

S7231 T32/451U V: WX⁄ �  *5� Z2/[ V:� WX⁄
S7231 6�36 V:�X  
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Inlet Dimension (mm) 

  
90 110 130 150 180 

Air flow 

(l/s) 

30 3,70 2,48 1,78 1,33 0,93 

20 2,47 1,65 1,18 0,89 0,62 

10 1,23 0,83 0,59 0,44 0,31 

Fig.C2 – Inlet velocities used as inlet boundary conditions in ANSYS Fluent 14.0 

 

\] @A>?= � 4*@A>?=
_̂,@A>?=

�  46�
46 � 6 

 

where a represents the side of the square inlet. Therefore, the hydraulic diameter for defining 

inlet turbulence is equal to so previously called “inlet dimension”. 

 

• Pressure_outlet 

Gauge pressure is set as 0 in all calculations. It means that flow exits the air supplier device at 

atmospheric pressure. Outlet hydraulic diameter is calculated according to the following 

formula: 

\] <!=>?= � 4*<!=>?=
_̂,<!=>?=

�  46I
V26 H 2IX � 26I

6 H I 

 

where a and b represent “inlet dimension” and “outlet dimension” respectively.   

 

  
D h OUTLET (m) 

  
Outlet Dimension – b (mm) 

  
200 300 400 500 600 

Inlet 

Dimension 

a (mm) 

90 0,1241 0,1385 0,1469 0,1525 0,1565 

110 0,1419 0,1610 0,1725 0,1803 0,1859 

130 0,1576 0,1814 0,1962 0,2063 0,2137 

150 0,1714 0,2000 0,2182 0,2308 0,2400 

180 0,1895 0,2250 0,2483 0,2647 0,2769 

Fig.C3 – Backflow hydraulic diameter used outlet boundary conditions in ANSYS Fluent 14.0 
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Appendix D – Outlet Fully Developed Flow  

The aim of this appendix is to provide information and calculations about outlet velocities in case of 

fully developed flow.  

 

 

Fig.E1 – Meanings of "entrance region" and "fully developed flow” (Source: Bright Hub) 

 

Fully developed flow implies that the velocity profile does not change in the fluid flow direction hence 

the momentum also does not change in the flow direction. In the case of this study, the air supply 

device should be much longer in order to achieve fully developed conditions. However, it is 

interesting to analyze which velocities could be achieved in those conditions because they provide 

very useful information about the viability of using certain geometry.  

 

Considering fully developed conditions and due to mass continuity, outlet fully developed flow 

velocity can be calculated as: 

 

T̀ � *-a- � *�a� 

 

where T̀ represents the air flow, A and v refer to area and linear velocity and subindices represent 

different sections.  

 

Therefore, if it is considered that 1 represents the inlet of the air supply device, 2 refers to the outlet 

and it is assumed a much longer device, outlet fully developed velocity (FDF) can be approximated as: 

 

T̀ � *@A>?=a@A>?= � *<!=>?=a<!=>?= 

 

abcb � T̀
*<!=>?= � T̀

6I 
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Outlet fully developed flow velocity (m/s) 

 
  

Outlet Dimension – b (mm) 

 
  

200 300 400 500 600 

 

Inlet 

Dimension 

a - (mm) 

90 1,67 1,11 0,83 0,67 0,56 

 110 1,36 0,91 0,68 0,55 0,45 

30 L/s 130 1,15 0,77 0,58 0,46 0,38 

 150 1,00 0,67 0,50 0,40 0,33 

 180 0,83 0,56 0,42 0,33 0,28 

 

Inlet 

Dimension  

a - (mm) 

90 1,11 0,74 0,56 0,44 0,37 

 110 0,91 0,61 0,45 0,36 0,30 

20 L/s 130 0,77 0,51 0,38 0,31 0,26 

 150 0,67 0,44 0,33 0,27 0,22 

 180 0,56 0,37 0,28 0,22 0,19 

 

Inlet 

Dimension 

a - (mm) 

90 0,56 0,37 0,28 0,22 0,19 

 110 0,45 0,30 0,23 0,18 0,15 

10 L/s 130 0,38 0,26 0,19 0,15 0,13 

 150 0,33 0,22 0,17 0,13 0,11 

 180 0,28 0,19 0,14 0,11 0,09 

Fig.E2 – Outlet fully developed flow velocities for different air flows 


