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Abstract 

The article is devoted to solving the significant problem of efficiency increasing of air distribution in the 

premise by swirl air jet. The aim of the article is to decrease coefficient of velocity attenuation due to 

intensification of initial turbulence of different air streams leakage from the air distributor and to obtain of 

analytical equations for calculation of air distribution in a room to ensure the normative indoor air parameters. 

Effect of flow twisting results in a reduction of the velocity attenuation coefficient by 2.4 times. The regression 

analysis testified that the attenuation coefficient of the swirl air jet is more affected by the angle of the twisting 

plates inclination and less affected by the angle of change of the air flow direction. The attenuation coefficient 

of all types of rectangular air jets is more influenced by the the ratio of the sides of slit b/l and the angle of 

change of the air flow direction is also less affected. To minimize the attenuation factor, it is effective to use 

air distributors at smaller swivel plates inclination angles for swirl air jets and a smaller slit size ratio for all 

types of rectangular air jets. 
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Nomenclature 

α – angle of the swivel plate’s inclination; 

β – angle of the air jet direction change; 

b – height of the slit, m; 

F0 – the area of openings, m2 

L – air volume flow rate, m3/h; 

l – length of the slit, m 

m – velocity attenuation coefficient; 

n – exponent 

v – velocity, m/s; 

xv  – dimension-less current velocity 

x – running coordinate, m 

 

Subscripts 

0 – initial 

c – compact 

f – flat 

max – maximal 

min – minimal 

r – rectangular 

x – current 

s –swirl 
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1. INTRODUCTION 

 

One of the important tasks of room ventilation 

is the effective organization of air exchange [1] and 

in particular air distribution [2]. It should provide 

the air normalized temperature [3], air velocity [4, 

5], concentration of CO2 [6, 7] and other pollutants 

[8, 9] in a room, noise level [10], scent, etc. 

However, the air stream velocity often exceeds the 

normalized values. The reason is that the effective 

attenuation of the air jet velocity is not provided. 

The quantitative characteristics of the air jet 

velocity attenuation is coefficient m [11]. So, in 

order to provide normative values of air velocity in 

the premise working area the air jet velocity 

attenuation coefficient m should be reduced. Thus, 

it is desirable so that it would be minimal. For this 

purpose, it demands of intensive initial turbulence 

[12 – 14] of air flow and high aerodynamic local 

resistance of air distributor [15]. If the velocity 

attenuation coefficient m is high, it indicates 

insufficient stream turbulence [16, 17]. The velocity 

attenuation is directly related to air jet long range 

[18]. When the air jet long range becomes too high 
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it needs to be reduced, because the conditions of 

comfort are violated [19, 20]. 

Depending on the purpose of the room, its 

dimensions and other characteristics, it is advisable 

to use appropriate air exchange schemes, air 

distribution devices [21, 22] and air streams [23]. 

Usually, the air distribution devices are proposed 

which provide a high intensity of the air velocity 

attenuation of the inflow stream with the formation 

of a swirl air jet. Swirl air jets provide intensive air 

velocity attenuation as they increase air flow 

turbulence. This is a round shape of air jet, but 

another suitable one is rectangular shape. A wide 

category of rectangular air jets is quite common, 

which include all types: flat, compact and 

rectangular air jets. 

Let us clarify the classification of the air 

rectangular jets. The reason is particularity of ratio 

slit sizes, namely length to height. In case of flat air 

jets tidal slit has a ratio of length to height l/b ≥ 10, 

and with a ratio of 1 ˂ l/b ˂ 10 it is determined to call 

air jets as rectangular [38]. At the ratio l/b = 1 the air 

jet is axisymmetric (compact), and hole’s shape is 

square or round, obviously. 

Papers [24 – 26] investigated rectangular air jets 

with a ratio of length to height l/b ≥ 60, 115 and 80, 

respectively. But according to the proposed 

classification, such rectangular air jets are flat. Paper 

[27] investigates a rectangular air jet with a ratio of 

l/b = 3, but at high air speeds, Mach numbers M = 

1.75, M = 2 and M = 2.5. Papers [28, 29] present the 

results of rectangular air jet research in the field of 

fundamental aerodynamics, not applied ventilation. 

If there are swivel plates (Fig.1 a) in the 

cylindrical hole that can be deviated by a certain 

angle α, then the swirl air jets are created. The 

twisting factor determines the special properties and 

aerodynamic characteristics of swirl air jets. As a 

result, they have different coefficients of air velocity 

attenuation and aerodynamic resistance, different 

acoustic properties, creating aerodynamic noise, 

depending on the swivel plates angle inclination. 

Increasing of the aerodynamic resistance of both 

devices is achieved by reducing the of the inclination 

angle of the swivel plates for swirl air flows and 

reducing the ratio of the size of the slit b/l for 

rectangular ones.  

For ventilation of small volume and height it is 

advisable to design simple and efficient air 

distributors that would allow to supply a significant 

amount of the tidal air to the room while ensuring a 

low air velocity in the premise work area. Air 

distribution devices with a low coefficient of the 

velocity attenuation m also are suitable. This is due 

to the high initial turbulence of the air flow. In this 

regard, the hypothesis of creating special initial 

conditions for increasing the intensity of air flow 

turbulence would be correct. This is crucial for the 

nature of its spread. One of the simplest ways to 

intensify the turbulence of the air flow in front of the 

air vent is to change the conditions of the air jet 

leakage. This can be achieved by installing a variety 

of additional local resistances: gates, grilles, rotary 

blinds, perforation, change of flow direction, jet 

twisting, etc. This is based on the aerodynamic 

resistance increasing of the air stream from the air 

distributor. 

Therefore, the air distribution devices must be 

equipped with appropriate means to ensure the 

appropriate intensity of air flow turbulence, ie to 

achieve the required value of the attenuation 

coefficient of velocity m. It should be noted that the 

air velocity attenuation factor is directly related to 

the air jet long-range. An extremely difficult task is 

to ensure high long-range airflow while reducing its 

attenuation coefficient at the same time.  

As an additional local resistance, the article 

proposes to use the effect of the flow twisting and 

changing of air flow direction in the air duct before 

leaving the nozzle, namely turning at a certain angle 

(usually 45 and 90 degrees). Such air jets should 

have the increased turbulence compared to direct air 

currents. It is necessary to improve mathematical 

models [30 – 36] of tidal jets in the room in relation 

to their self-similar properties [37, 38]. 

Microclimate of premise should be also 

improved due to energy saving measures of heat 

source [39], building walls [40, 41], heating system 

[42 – 44], ventilation system [45] and gas and heat 

supply systems [46, 47]. It is advisable to use also 

exhaust air heat and recuperation [48, 49] for energy 

saving. 

Based on the analysis of literature data on 

velocity attenuation of air streams and given 

hypothesis, we state: 

1. it is expedient to quantitatively investigate the 

effect of flow twisting on the reduction of the 

attenuation coefficient of the air jet velocity; 

2. it is expedient to quantitatively investigate the 

effect of changing of the flow direction both for 

the swirl air jets and rectangular jets of different 

types to reduce the attenuation coefficient of 

their velocity; 

3. it is necessary to establish calculated graphical 

and analytical dependencies. 

 

2. GOAL OF THIS PAPER 

 

The aim of the article is to decrease coefficient 

of velocity attenuation due to intensification of 

initial turbulence of air stream leakage from the air 

distributor and to obtain of analytical equations for 

calculation of air distribution in a room. 

To do this it is need: 

- to make hypothesis; 

- to realize experiment planning and create matrix; 

- to carry out experimental investigations; 

- to perform the regression analysis; 

- to create graphs and chart; 

- to obtain analytical equations. 
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3. MATERIALS AND METHODS 

 

Used theoretical methods of research include the 

implementation of physical and mathematical 

modeling of the movement of air flow based on the 

equations of jet streams. As a result of theoretical 

studies, calculated dependencies were obtained for 

determining air flow parameters and geometric 

parameters of devices with intensive velocity 

attenuation. 

Experimental investigations were carrying out at 

assumption and simplifications using physical 

modeling of air flows based on the theory of 

similarity and modeling scales to transform physical 

quantities, as well as to visualize their structure in 

order to verify the stated hypotheses. The planning 

of multifactorial experiments was accompanied by 

the construction of a planning matrix for a complete 

factorial experiment. 

The plausibility of scientific hypotheses, 

propositions, conclusions and recommendations is 

determined by the use of fundamental laws of jet 

flows with satisfactory convergence of the results of 

theoretical and experimental studies, and their 

processing using the methods of probability theory 

and mathematical statistics. 

 

4. RESULTS OF RESEARCH OF THE SWIRL, 

FLAT, RECTANGULAR AND COMPACT 

AIR JET AT IT LEAKAGE 

 

This work is continuing of air distribution 

research [11]. The variation of the air volume flow 

rate L, m3/h was provided. It was necessary to carry 

out theoretical and experimental investigations of all 

types of presented air streams and to determine 

numerically of tidal air flows characteristics. It is 

known [11], that round and compact air jets have 

similar characteristics, though hole’s shape for the 

round air stream is round and for compact air stream 

is round or square. It would be interesting to compare 

the round and compact air jets characteristics 

depending on the running coordinate and size of tidal 

air distributor. 

In this article it is presented a generalization of 

the graphical and analytical dependencies for 

determination of characteristics of the swirl, flat, 

rectangular and compact air streams. Besides that, it 

is brought them to an universal form. It should be 

noted that all values are presented in dimension-less 

form so that to provide universality. 

Study of the effect of changing the direction of 

air flow on the initial turbulence of the air jet, and 

thus on its attenuation coefficient has been carried 

out. The following air streams were taken into 

account: swirl, flat, compact and rectangular. 

To study the influence of leakage conditions on 

the characteristics of the jets, experimental studies 

were conducted on the installation shown in Fig.1. 

The investigated inflow jets were additionally being 

turbulented due to the change of the flow direction 

by β = 45° and β = 90°, and the air distribution 

devices were made in the form of nozzles, as shown 

in Fig. 1. 

 

 
 

a) 

 
b) 

Fig. 1. Experimental installation: a) – nozzle  

№1 for a swirl air jet; b) – nozzle №2  

for a compact air jet 

 

 
a) 

 
b) 

Fig. 2. Experimental installation: a) – nozzle  

№3 for a flat air jet; b) – nozzle №4 for  

a rectangular air jet 
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Experimental investigations have been carried 

out at such assumption and simplifications: 

- studies were performed under isothermal 

conditions; 

- value of air flow rate was: L = 170 – 670 m3/h for 

the swirl air jet and L = 70 – 360 m3/h for the rest 

air jets; 

- the initial velocity of air was: v0 = 1 – 4 m/s for the 

swirl air jet and v0 = 2 – 10 m/s for all types 

rectangular air jets; 

- the squares of tidal nozzles were: for the swirl air 

jet F0  = 0.049 m2; for the flat air jet F0  = 0.009 m2; 

for the compact air jet F0  = 0.010 m2; for the 

rectangular air jet F0  = 0.009 m2. 

Testo-405 thermal anemometer was used for 

measurement of all the air jets velocity. Coordinate 

system with a grid of points 5×5 cm also has been 

used. 

According to the research results, graphs are 

constructed (Fig. 3), which characterize the drop of 

the axial velocity vx of the swirl air jet during its 

outflow under isothermal conditions from the nozzle 

№1 in the absence of (β = 0°) and the presence of 

change of airflow direction in the air duct by β = 45° 

and β = 90°. For comparison, Fig. 3 also shows 

graphs of the axial velocity drop of all types of 

rectangular air streams, which flow under isothermal 

conditions from the nozzles №2 - №4. 

According to the results of the study of the flow 

of these jets from the nozzles №1–№4 was 

determined by the attenuation coefficient m 

according to formula (1) for swirl and compact air 

jet, from formula (2) for the flat air stream and from 

formula (3) for rectangular ones: 

o

xcs
F

x
vm =,

                               (1) 

where  х – current coordinate, m; 

          F0  – square of a supply nozzle, m2; 

          ms,c – coefficient of velocity attenuation for 

the swirl and compact air stream; 

         xv  – dimension-less current velocity which is 

defined as 
oxx vvv = , that is, the ratio of 

absolute axial and initial velocities. 

b

x
vm xf =                              (2) 

where  х  – current coordinate, m; 

           b  – height of the flat slit, m; b = 0.03 m; 

           mf  – coefficient of velocity attenuation for 

the flat air stream; 

          xv  – relative current velocity of the flat air 

stream. 

 
n

xr
b

x
vm 








=                               (3) 

 

where  х  – current coordinate, m; 

           b  – height of the rectangular slit, m; b = 

0.06 m; 

           mr  – coefficient of velocity attenuation for 

the rectangular air stream; 

          xv  – relative current velocity of the 

rectangular air stream. 

Fig. 3 and Fig. 4 show that for the swirl air jets 

with increasing swivel plates inclination angle, the 

velocity attenuation coefficient increases. In 

particular, for the swirl jets at an swivel plates 

inclination angle of α = 30°: without direction 

change (β = 0) m = 0.54, for β = 45° m = 0.50, and 

for β = 90° m = 0.46 (Fig. 3a); at the inclination 

angle of the swivel plates α = 60°: without direction 

change (β = 0) m = 1.52, for β = 45° m = 1.25, and 

for β = 90° m = 0.98 (Fig. 3b); at the angle 

inclination of the swivel plates α = 90°: without 

direction change (β = 0) m = 2.5, for β = 450 m = 

2.0, and for β = 90° m = 1.5 (Fig. 3c); for a flat air 

jet without direction change (β = 0) m = 2.5, for β = 

45° m = 2.0, and for β = 90° m = 1.5 (Fig. 4a); for 

rectangular air jet without direction change (β = 0) 

m = 3.7, for β = 45° m = 3, and for β = 90° m = 2.3 

(Fig. 4b); for compact air jet without direction 

change (β = 0) m = 6.10, for β = 45° m = 5.0, and 

for β = 90° m = 3.90 (Fig. 4c). 

In summary, it should be noted that the velocity 

attenuation coefficient m decreases for the swirl air 

jet with changes of direction by β = 45° and β = 90° 

by 1.08 – 1.17 times at α = 30°, by 1.22 – 1.55 times 

at α = 60° and by 1.25 – 1.67 times at α = 90° 

respectively, depending on the angle α of the plates 

inclination; for a wide class of rectangular air jets 

the velocity attenuation coefficient m decreases for 

direction changes by β = 45° and β = 90° by 1.25 – 

1.67 times for the flat air jet, by 1.23 – 1.61 times 

for the rectangular air jet and 1.22 – 1.56 times for 

the compact air jet, respectively, depending on the 

size ratio of the slit. 

These data indicates the self-similarity 

properties of the researched air jets.  

Graphs (Fig. 3 and Fig. 4) show that drop of 

axial velocity from vmax to vmin in all studied jets 

(nozzles No 1 – No 4) is the most intense when 

changing the flow direction by β = 90°, although at 

β = 45° it is also significant. This confirms the 

correctness of the conclusions that the additional 

turbulence of the air jets results in more intense 

velocity drop in the air flow. 

Based on the obtained results, we state that the 

output of the air jet from the air distribution devices 

of all types when turning the air flow at an angle β 

= 90° creates a sufficient initial intensity of 

turbulence, which significantly reduces the velocity 

attenuation coefficient. 

To determine the attenuation coefficient of all 

considered air jets has been applied planning a 

complete two-factor experiment, considering 3 

levels for determining factors – table 1. 
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a) 

 
b) 

 
c) 

 

Fig. 3. Dependencies of the swirl air jet axial dimension-

less velocities at the different angles β (β = 0°, 45°, 90°) 

of change of a flow direction and twisting plates 

inclination α from the current coordinate х: 

a) α = 30°; b) α = 60°; c) α = 90°. 

 

For the swirl air jet, the determining factors are: 

х1 = β – angle of change of the air flow direction,     

β = 0°, 45°, 90°; 

 

 
a) 

 
b) 

 
c) 

 

Fig. 4. Dependencies of the different air jets axial 

dimension-less velocities at the different angles β  

(β = 0°, 45°, 90°) of change of a flow direction 

from the current coordinate х:  a) flat air jet; b) 

rectangular air jet; c) compact air jet. 

 

х2 = α – the angle of the swivel plates inclination, α 

= 30°, 60°, 90°. 

For the other considered air jets the determining 

factors are: 
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х1 = β – angle of change of the air flow direction,   

β = 0°, 45°, 90°; 

х2 = b/l – the ratio of the sides of slit, b/l = 0.1 (flat 

air jet), b/l = 0.4 (rectangular air jet), b/l = 1.0 

(compact air jet). 
Table 1 

Planning matrix of a complete 2-factor experiment taking 

into account three levels for determining factors (non 

linear model) 

No x0 х1 = β х2 = α х1 х2 у1 = m 

1 + - - + 0.54 

2 + 0 - 0 0.50 

3 + + - - 0.46 

4 + - 0 0 1.52 

5 + 0 0 0 1.25 

6 + + 0 0 0.98 

7 + - + - 2.50 

8 + 0 + 0 2.00 

9 + + + + 1.50 

No x0 х1 = β х2 = b/l х1 х2 у2 = m 

1 + - - + 2.50 

2 + 0 - 0 2.00 

3 + + - - 1.50 

4 + - 0 0 3.70 

5 + 0 0 0 3.00 

6 + + 0 0 2.30 

7 + - + - 6.10 

8 + 0 + 0 5.00 

9 + + + + 3.90 

 

The optimization parameter is the air jet 

attenuation coefficient m. Because of three levels for 

determining factors are being considered the 

nonlinear mathematical model has been accepted. 

In Table 1, the value of y1 refers to the swirl air 

jet, and y2 - to all types of rectangular ones.  

According to the matrix of experiment planning, 

we obtain the regression equations for the swirl air 

jet (14) and for all types of rectangular ones (15): 

2121 12.05.018.025.1 xxxxy −+−=  (14) 

2121 11.00.149.033.3 xxxxy −+−=  (15) 

The regression analysis testified that the 

attenuation coefficient of the swirl air jet is more 

affected by the angle of the twisting plates 

inclination and less affected by the angle of change 

of the air flow direction. The attenuation coefficient 

of all types of rectangular air jets is more influenced 

by the the ratio of the sides of slit b/l and the angle 

of change of the air flow direction is also less 

affected. 

On a basis of research results the charts have 

been created: for the swirl air jet – Fig. 5a and for 

all types of rectangular air streams – Fig. 5b. 

Charts (Fig. 5a and Fig. 5b) are approximated 

by equations (16) and (17). 

44.00002.0004.0033.0 −−+= m    (16) 

l

b

l

b
m  015.00.401.01.2 −−−=  (17) 

 

 
a) 

 
b) 

Fig. 5. Charts for determination of the air jets 

velocity attenuation coefficient: 

a) for the swirl air jet; b) for all types  

of rectangular air streams 

 

It should be noted that the effect of the air flow 

twisting on the reduction of the air jet velocity 

attenuation should be evaluated. For this purpose it 

is necessary to take the ratio of air velocity 

attenuation coefficients for a cylindrical nozzle with 

direct air outlet (m = 6.0) and a cylindrical nozzle 

with direct air outlet α = 90° and the swivel plates 

(m = 2.5 – Fig. 1a). The result is 2.4, ie the 

phenomenon of flow twisting is more effective 

concerning of the air jet velocity attenuation than 

the effect of changing of the flow direction for all 

types of air jets: swirl, flat, rectangular and 

compact. 

Visualization in 3D format of the velocity 

attenuation coefficient depending on the α and β 

angles (Fig. 6a) and the β angle and the ratio of the 

sides of slit b/l (Fig. 6b) is constructed.  

The attenuation coefficient of the swirl air jet 

and all types of rectangular air streams decreases 

accordingly with decreasing of inclination angle of 

the twisting plates and with decreasing of the ratio 

of the sides of slit b/l. Increasing the angle of change 

of the air flow direction in all cases results in 

decrease of the attenuation coefficient. 

Consequently, in terms of air velocity 

attenuation, it is effective to use the air distributors 

at smaller inclination angles of the swivel plates for 

swirl air streams and smaller slit sizes ratio b/l for 

all types of rectangular air flows, where the velocity 

attenuation coefficient is minimal.  
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a)  

 
b) 

 

Fig. 6. Visualization in 3D format of the air jets 

velocity attenuation coefficient: 

a) for the swirl air jet; b) for all types  

of rectangular air streams 

 

The results of the work indicate the possibility of 

practical application of the investigated air 

distribution devices for ventilation of small rooms 

and supply of supply air directly to the work area of 

the premise. 

 

DISCUSSION 

 

The results of theoretical and experimental 

investigations of different types of air tidal air jets 

(swirl, flat, compact and rectangular) are obtained. 

So does research of its velocity attenuation 

coefficient and determination of the effect of special 

initial conditions on turbulence intensity. Since the 

studies were performed for the swirl, flat, compact 

and rectangular air jets, the results for other air 

streams would be interesting. So would be also 

numerical modelling of all these air tidal jets and 

exhaust ones. 

In future work research on air jets in the field of 

applied ventilation will be continued and 

aerodynamic research will be carried out. In 

particular, the boundaries of the transition zone from 

compact to rectangular air jets should be established 

and other special initial conditions should be 

researched. 

 

CONCLUSIONS 

 

1. Based on the carried out theoretical and 

experimental research analytical equations for 

the swirl, flat, compact and rectangular air 

stream are received, comparison of known 

analytical dependencies with received 

experimentally is carried out and the 

corresponding correction factors are defined. 

2. Effect of flow twisting results in a reduction of 

the velocity attenuation coefficient by 2.4 times, 

which is much more than the effect of changing 

the flow direction for all types of air jets: swirl, 

flat, rectangular and compact. 

3. The regression analysis testified that the 

attenuation coefficient of the swirl air jet is more 

affected by the angle of the twisting plates 

inclination and less affected by the angle of 

change of the air flow direction. 

4. The attenuation coefficient of the swirl air jet and 

all types of rectangular air streams decreases 

accordingly with decreasing of inclination angle 

of twisting plates and with decreasing of the 

ratio of the sides of slit b/l. Increasing the angle 

of change of the air flow direction in all cases 

results in decrease of the attenuation coefficient. 

5. To minimize the attenuation factor, it is effective 

to use air distributors at smaller swivel plates 

inclination angles for swirl air jets and a smaller 

b/l slit size ratio for rectangular ones. 
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