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This paper describes problems of computational simulation of 
gas dynamics and thermophysical processes running inside a 
displacement volume of the air curtain with a cross flow fan. 
The measurement of flow structure in the form of flow lines, 
gas pressure, temperature and velocity field at a fan rotation 
rate ranged from 250 rpm up to 1500 rpm is evaluated due to 
the computational experiment. The measurement shows that 
flow structure does not depend on the fan rotation rate and 
correspond to the experimental date. Velocity profiles are self-
similar. Maximum vacuum pressure depending on the impeller 
rate is evaluated and local temperature maximums correspond 
the flow jet axis in the air curtain outlet cross section was 
estimated. Gas temperature in the vortex zone decreased up to 
296 K and does not depend on the fan rotation rate that makes 
it possible to study the air curtain operation using the 
uncompressed liquid model. The linear relation between fan 
rotation rate and air capacity injected by a fan was 
demonstrated and described. 
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1 INTRODUCTION  

Maintenance of premises with high human or vehicle passing 
flow considers heat losses though opening spaces like 
unloading ports, doors and gates. Such premises are hospitals, 
schools, kinder gardens, sport and social objects, airports, 
railway stations and other service organizations (shops, 
theatres, hotels, restaurants), public transport, industrial and 
warehouse buildings. Temperature and air purity control in the 
building within specified limits can be performed by applying 
special electric-mechanical device – air curtain  [Hyulla 2019].  
In some cases, air curtains are used in order to provide special 
technological requirements such as food storage as air curtain 

can both cut down cold air during winter and supply hot air in 
summer. Besides, air curtains prevent the premise from 
penetration of insects, dust, smoke, bad odor etc.  But mostly 
air curtains are applied for bordering the zones with various 
ambient temperature from different sides of the open 
doorway.    
Air curtains differ in designation, heat source (including type of 
heating unit), type of mounting, air flow rate, displacement and 
geometry (body cross section, nozzle shape). One of the main 
elements of air curtain is a fan. As a rule, such devices include 
radial-flow or cross-flow fans. 
Cross-flow or tangential fan is a device in which air mass moves 
perpendicularly to the axis of runner motion [Murcinkova 
2013]. Body of the device is similar to the body of radial type 
one. Runner of the cross-flow fan is a cylinder with external 
surface formed by set of flow-shaped blades [Casarsa 2011] 
that ensure required blowdown in plane perpendicular to fan 
axis. Thus, the sucking surface is upper horizontal plane of the 
device (its length is the same as the length of the device) 
instead of side surface. The air mass is mixed with blades and 
the diffusor increases speed in a required direction [OpenFoam 
2019].  
Devices equipped with cross-flow (or tangential) fans have high 
values of gas dynamics parameters as well as high air 
consumption, low lift and low noise level [Casarsa 2011, 
OpenFoam 2019]. 
Advantages of cross-flow fans are: 
- High efficiency; 
- Ability to regulate the flow in a required direction;  
- Generation of unique flat and uniform air flow. 
Cross-flow fans have wide range of applications such as: 
- heating (fireplaces, floor mounted convectors); 
- air conditioning (ceiling heating and cooling systems, air 
humidifiers, air curtains); 
- cooling systems for commercial and residential property 
(bottled drinks refrigerated display cases, cold counters); 
- telecommunication systems (cooling of electronic 
components);  
- health care (diagnostic devices, X-ray devices, incubators); 
- office equipment (copying devices, printers); 
- delicatessen (cold counters, commercial dishwashers). 
According to experimental data the gas motion inside the air 
curtain equipped with such fan can be characterized with high 
turbulence rate [Casarsa 2011, Cernecky 2015, Darmawan 
2015, Diametrically 2019, Diskin 2003]. Fan displacement and 
curtain body geometry has a significant influence on total 
operation of the unit. Experimental researches provide 
enormous amounts of data describing cross-flow fan operation 
but all of them are aimed at a single model of studied curtain 
and cannot be applied for modernization of existing devices or 
design of new ones. In this case methods of computation of gas 
dynamics widely used for aerodynamic flotation simulation in 
various technical devices are more preferable. 
Computational simulation is used both for studying the 
unsteady aerodynamics and heat exchange in operating 
(internal) spaces of devices [Khosrowpanah 1988, Kim 2008, 
Darmawan 2015, Sun 2015, Bako 2016, Baranov 2017, 
Sharfarets 2018, Pivarčiová 2019] and for calculation of shape 
and airstream axis course indoors after it is blown out of the air 
curtain [Diskin 2003, Menter 2003, Kruglova 2006, Frank 2014, 
Grigoriev 2016, Li 2016, Gilyazetdinov 2018, Diametrically 2019, 
Simulation 2019]. 
Computational studies of gas dynamic processes in an air 
curtain displacement volume are essential for device 
performance parameters estimation (air efficiency, noise level, 
narrowness and average temperature of exhausting flow, 
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aerodynamics losses in air curtain flow channel) as well as for 
air curtain design optimization i.e. workspace geometry in 
order to achieve the required output stream parameters.  
The present research analyses of viscous, compressible and 
heat-conducting gas flow in the air curtain displacement 
volume is based on computational gas dynamics methods. For 
computational modelling libraries of OpenFoam 2.0 [OpenFoam 
2019] public intergrable platform for solution of medium 
mechanics problems and on opportunities of Salome 8.3.0 
[Principle 2019] public intergrable platform are used [Krenicky 
2011, Smeringaiova 2017, Rimar 2018, Ruzbarský 2020]. 

2 PROBLEM STATEMENT  

The article provides the analysis of results obtained after 
numerical simulation of measurement of compressible viscous 
gas in an air curtain body displacement volume equipped with 
cross-flow fan (Fig. 1). Cross-flow fan consisting of impeller 1, 
inlet duct 2, output diffusor 3 and body 4 (Fig. 1b). Impeller 
includes 36 uniformly displaced flow shaped blades are 
considered. 

 

 

a) 

 

 

b) 

Figure 1. Air curtain: a) cross section, b) computational area 

 
The following assumptions and simplifications are used during 
simulation:  
– the impeller rotates with a given constant speed and 
stationary operating condition of a fan is considered; 
– gas (air) is characterized with constant viscosity and heat 
conduction factor; 
– the problem is solved in two-dimensional formulation 
(Fig. 1b).  
Research [Toffolo 2005] states that uniform profile of injected 
air independent of axial coordinate directed along fan impeller 
axis is generated in air curtain outlet. Obvious two-dimensional 
flow in the outlet cannot exist without two-dimensional flow in 

whole area and this allows us to study internal air curtain gas 
dynamics in two-dimensional formulation. 

3 MATHEMATICAL SIMULATION  

For mathematical simulation of air curtain internal volume air 
flow (Fig. 2) viscous compressed gas motion equation system is 
solved and includes additional condition equation: 
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RTp                                                                                       (4) 

In given above formulas (1)-(4) following designations are 
specified: 
   – density;  

iu   – velocity components  ;  

p   – pressure; 

     dynamic-viscosity coefficient; 

Fi – external volume force;  
25.0 iv uTCE    – total specific energy; 

22 5.05.0/ iip uhuTCpEH    – total 

specific enthalpy;  
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  –   heat flow;  

   –  heat-conduction factor; 

T – temperature;  
R = 287 J/(kg∙К) – specific gas constant. 
The studied flow does not consider significant temperature falls 
thus coefficients of molecular viscosity heat conductivity are 
considered as constant µ = 1.85∙10-5 Pa∙s, λ = 0.0259 W/(m∙К). 
Initial equations are averaged according to Favre [20]. Values 

are given as a sum 
~

, where   /
~

, where  

 ,  - averaged parameters according to the Reynolds 

procedure. Thus,   includes both turbulent and density 
fluctuation. Navier-Stocks averaged system is following: 
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In formulas (5)-(8) following designations are specified: 

ij

k

k

i

j

j

i
ij

x

u

x

u

x

u































~

3

2~~
~ - viscous stress 

tensor averaged according to Favre; 

ijij

k

k

i

j

j

i
tuitij k

x

u

x

u

x

u
uu 































3

2~

3

2~~
~

- strain velocity tensor averaged according to Favre; 

tt   -  turbulent viscosity dynamic coefficient;  
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k   -  turbulent motion specific kinetic energy;  

   -  specific turbulent dissipation; 

  kС  -  turbulent dissipation; 

huq itj
  -   eddy heat flux. 

Turbulent viscosity is calculated according to the SST [Chauhan 
2006] turbulence model by following equations: 










kP

x

uk

t

k
k

j

j ~
~

 

 






















j

tk

j x

k

x
                                                      (9) 









 22
~

ijij

j

j
SS

x

u

t
 

  






















j

tk

j x

k

x
 

 
jj

w
xx

k
F












1
12 21                                              (10) 

Where 

 


























 kPP

x

u

x

u

x

u
P kk

i

j

j

i

j

i

tk 10,min
~

 
Transition function is determined as 
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y - distance to the nearest wall. Value  1F  is zero far form 

solid interface ( k   model is used) and is changed to 

k  model inside the transition layer.  

The turbulent viscosity coefficient itself is calculated by the 
following formula 
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Where second transition function 2F  is calculated as 
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All constants of a model in equations (9), (10) are calculated 

according to the values from standard models k   and 

k   as   FF  121  etc. 

Constants of the given model are: 09.0 , 9/51  , 

44.02  , 40/31  , 0828.0
2
 , 

85.01 k , 12 k , 5.01  , 856.02  , 

31.01 a . 

4 COMPUTATION GRID AND BOUNDARY CONDITIONS  

In order to clearly describe the process of air suction and its 
exhaustion through outlet nozzle of the curtain a complex 
multiple block area was designed and it includes 4 zones (Fig. 
2): 1 – inlet zone (air suction), 2 inner volume of the air curtain, 
3 – fan, 4 – outlet zone (air exhaustion). Zones 1, 2 and 4 are 

motionless, zone 3 rotates with set angular velocity  . The 
grid in rotating and steady areas is flat and consists of triangle 
element. Total amount of elements is 18366 cells for all zones 
and 4677 cells for zone 3. 
In this paper the problem was solved using approach [22] that 
takes local rotating reference frame in the impeller area (zone 
3). This leads to transformation of basic Navier-Stocks 
equations in a rotation zone and, in order to take into account 
the rotation effect, initial equations (6) and (7) in this zone have 
additive component that consider the Coriolis force 

uF                                                                                   (13) 

This approach is used for simulation of the steady flows. 
Accordingly, body and grid around it in a rotation zone do not 
rotate physically. This approach, from computational point of 
view, is less demanding comparing to nonstationary simulation 
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and in case the problem was stated correctly it ensures close 
approximation and lower computational cost along with less 
calculation time. 
 

 

Figure 2. Finite volume grid and boundary conditions 

Boundary conditions for (5) – (13) equation system are given in 
table 1. 
 

 Parameter Condition 

Domain 
boundary 

Rotating 

zone 

Fan 

blades 

0




n

p
, 0
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T
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0u  

 
 

 

 

Steady 

zone 

 

 

 
Input  

 

 

Output 

 

 

Body 

wall 

Паptotal

510 , 

KT 313  

 

Паpout
510

  

 

0




n

p
, 0




n

T
, 

0u  

 Rotation rate 250-1500 rpm 

 
 

Table 1. Boundary conditions 

5 CALCULATION RESULTS  

As a result of air circulation computational simulation in air 
curtain internal volume, flow structure presented as flow line, 
pressure filed, gas temperature and speed in fan rotating with 
rate from 250 rpm to 1500 rpm was obtained. In addition to 
this, gas velocity and temperature profiles on the output 
boundary (outlet nozzle cutoff) were built up. Correlation of air 
curtain efficiency with rotation rate was determined on 
measurement of flow structure.  
The measurement of flow lines and main parameters 
distribution field comparison showed that the flow structure 
doesn’t depend on the fan blades rotation rate and is the same 
for all operation modes (Fig. 3).  
 

 

a)                                                         b) 

Figure 3. Velocity filed in air curtain cross-section for fan rotation rate: 
а) 250 rpm; б) 1500 rpm 

Figure 4 shows velocity longitudinal component profiles on an 
outlet nozzle cutoff of air curtain at various rotation rates. It is 
obvious, that reverse flow zone displacement is the same for all 
rates and maximum velocity value (positive and negative) and 
increases along with rotation rate increase. The measurement 
shows that if the fan rotates at rate of 250 rpm maximum 
velocity is 3.62 m/s, if the fan rotates at rate of 1500 rpm 
maximum velocity is 24.56 m/s. Velocity profile analysis 
showed gas dimensionless velocity self-similarity (Fig. 4b).  
 

 

a) 

 

b) 

Figure 4. Longitudinal velocity component profile in the nozzle cross- 
section at different fan rotation rates: a) dimensional, b) dimensionless 
profiles 
 
Let’s consider gas flow peculiarities in the air curtain 
displacement volume (Fig, 3-6). Fan supplies air into curtain 
displacement volume and then air flow is directed to the 
impeller though inlet nozzle. A part of the flow moves though 
the back wall of the curtain and the other part gets inside the 
impeller and then comes out speeding up the gas. 
After that, air flow is directed to the lower portion of the 
curtain and is exhausted into the atmosphere. However, some 
part of the main gas flow doesn’t manage to go through the 
thin clearance between impeller blades and curtain front wall 
and returns inside the impeller thus creating reversal flow 3 
(Fig. 5) that after contacting with incoming air is moved from 
fan axis down to the blades. Generated stationary vortex 
shedding zone 3 becomes a structural separator between 
suction and injection zones and corresponds to the 
experimental researches [23]. Interaction of the reverse flow 
with the main flow directed into the nozzle generates flow 
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separation line upstream the nozzle 5 (Fig. 5) and generates 
over-expanded jet pressed to the nozzle upper wall. Over-
expanded jet generation in the nozzle exit is followed by the 
flow cut that generates the area with low pressure and reverse 
flow 4 (Fig. 5).  
Results should be summarized briefly and main authors 
scientific contributions should be demonstrated. 
Flow separation is followed by flow restructuring near the 
outlet nozzle upper wall and flow redirection. Asymmetric 
vortex pair 2 (Fig. 5) is generated in a cut point between inlet 
duct and air curtain front wall which is a result of interaction of 
vortex flow and an incoming air.   
 

 

a)                                                b) 

Figure 5. Gas flow structure in air curtain: a) calculation; b) experiment 
[Toffolo 2005] 

 
One more distinctive feature of the flow is fixed vortex 
generation 1 (Fig. 5) in the inlet cross- section near the back 
wall displaced due to the inlet cross-section geometry of air 
curtain and body design. 
Given air flow pattern is common for all considered fan rotation 
rates. Exhaust jet parameters differ only with maximal speed 
value that varies from 4.6 m/s (250 rpm) to 25 m/s (1500rpm). 
However, fan rotation rate does not influence the size, position 
and shape of the vortex zones.  
Fig. 6 shows static pressure and temperature fields in the air 
curtain displacement volume. Local pressure and temperature 
distribution characteristics along the cross-section of the air 
curtain defined by the flow structure can be observed. Thus, 
local gas pressure and temperature minimum corresponds to 
the vortex area 3 position on Fig. 5. Pressure reduction against 
atmospheric pressure depends on impeller rotation rate and 
ranges from 20Pa at 250rpm to 1000Pa at 1500rpm. 
 

 

a)                                                  b) 

Figure 6. Field: а) of static pressure; b) of temperature 

Temperature field analysis showed the temperature field 
profile identity (Fig. 7) on the outlet nozzle cutoff at studied fan 
rotation rates. 
 

 

Figure 7. Temperature profile in the nozzle cross-section 

Local temperature maximums correspond to the flow jet axis in 
the air curtain outlet cross section. Gas temperature in a vortex 
zone decreases to 296 K and does not depend on the fan 
rotation rate. 
Curtain efficiency correlation to the rotation rate is shown on 
Fig. 8. Numerical simulation showed linear dependence 
between fan rotation rate and air capacity injected by fan.  
This correlation is approximated by the linear equation: 

0744830 .. Q , 12 R                                      (14) 

where Q  - air capacity in cbm/h,   - angular rotation rate 

absolute of the fan in rpm,  2R -   R-squared value. 

6 CONCLUSIONS 

The work presents the study of the flow of viscous, 
compressible and heat-conducting gas in the air curtain 
displacement volume based on computation. 

The problem was solved with the following assumptions: 

- runner rotation rate is constant; 

- fan operation mode is stationary; 

- gas (air) has constant viscosity and heat exchange coefficient; 

- two-dimensional formulation of the task.  

Simulation was based on the Favre averaged Navier-Stokes 
equations for viscous compressed gas.  

In order to properly describe the air suction process and its 
exhaustion through the curtain outlet nozzle, a complex multi-
block area was designed.  The grid in rotating and steady zones 
is unstructured and consists of triangle elements. Total amount 
of elements is 18366 cells. 

Flow structure in the form of flow lines, gas pressure, 
temperature and velocity field at a fan rotation rate ranging 
from 250 rpm up to 1500 rpm is evaluated. Gas velocity and 
temperature profiles on the outlet boundary (outlet nozzle 
cutoff) were generated. 

It is shown that flow structure does not depend on the fan 
rotation rate and is the same for all considered operation 
models; velocity profiles are self-similar. 

Topological singularities of gas flow in air curtain displacement 
volume were studied. The measurement showed that flow 
structure is typical for cross-flow fans operation and follows the 
experimental data. Besides, it has some special features. 
Geometry of air curtain internal parts forms an oversized flow 
on the outlet nozzle cross section which results in reverse air 
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flow generation. In order to increase the air curtain efficiency, 
the outlet diffusor geometry shall be changed and an increase 
of gap width between outside edge of the fan vane and body 
critical cross section shall be considered. 

It is shown that local pressure and temperature distributive 
characteristics in air curtain cross section are determined by 
flow structure. Thus, pressure decreases compared to the 
atmosphere that depends on impeller rate and ranges from 20 
Pa at 250 rpm to 1000 Pa at 1500 rpm.  

Temperature field analysis showed identity of flow 
temperature profile on the outlet nozzle cutoff at the studied 
fan rotation rates. Local temperature maximums correspond to 
the flow jet axis in the air curtain outlet cross section. Gas 
temperature in the vortex zone decreases to 296 K and does 
not depend on the fan rotation rate. Thus, it is possible to study 
the air curtain operation using the uncompressed liquid model.  

Linear relation between fan rotation rate and air capacity 
injected by fan was demonstrated. 

After all results are analyzed we can conclude the following:  

1. Air curtain operation parameters can be estimated based on 
the incompressible model. 

2. Flow pattern (structure and flow characteristics) study can be 
performed after computational calculation for one impeller 
rate value. 

3. The obtained results permit us to make recommendations 
for device geometry improvement and the computational 
experiment method can be applied for the study and upgrade 
of other air curtain models. 
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