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Abstract. In reversible axial fans a change in the direction of the impeller rotation is 

accompanied with a change in the direction of the working fluid flow. To satisfy the flow 

reversibility, the impeller blades are usually designed with straight symmetrical profiles. 

The flow reversibility may also be achieved by using asymmetrical blade profiles in which, 

to satisfy the equality of the leading and trailing angle of the profiles, the mean line of the 

profile has to have a double curvature in the shape of the stretched letter 'S'. The paper 

numerically investigates the influence of the doubly curved blade profiles on the reversible 

axial fan characteristics. Numerical simulations are carried out on an axial fan only with 

the impeller, with the blades that have double-curved mean line profiles for different 

values of the angles at the profile ends. For numerical simulation the ANSYS CFX 

software package is used. Results of the numerical simulation are shown in diagrams 

Δp(Q), (Q) and P(Q) at different angles of the profile ends. On the basis of the simulation 

and analysis of the characteristics, appropriate conclusions are proposed, along with the 

most advantageous profile of the blades. 

Key Words: Reversible Axial Fan, Curved Profile, Angle, Characteristics, Numerical 

Simulations 

1. INTRODUCTION 

Reversible axial fans are used to achieve a forced air-gas flow in the primary and 

reverse flow regime. The fans only have a single impeller whose reversibility of the flow 

is achieved by changing the direction of rotation [1, 2, 3]. To satisfy the reversibility of 

the flow, with the identical curve performance for both regimes, the impeller blades are 
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usually designed with straight symmetrical profiles. Efficiency of these fans is relatively 

low due to the large incidence angle flow on the profile of the blades [4, 5]. 

Classical axial fans, designed for one direction of flow, can work as reversible fans as 

well. The characteristics of such fans in a reversible regime are worse due to unfavorable 

flow conditions. The fan characteristics are less different in the direct and reversible 

mode with a fan with a smaller curvature of the blade profile [2, 3]. 

The efficiency of the fan depends on the shapes of the blade profiles, the blade itself, 

and the ratio of the diameters of the impeller hub and the shroud [2, 6]. Numerical flow 

simulations in fans can determine the best shape profiles for achieving better efficiency 

of the fans, which can serve for further experimental tests [7, 8, 9]. Various commercial 

programs are available for numerical simulations. The k- model, employed in this study, 

is frequently used as the method for solving the turbulent flow in turbomachinery [9-11]. 

The reversible axial fan is designed with the blades having a double curved profile for 

increase pressure [1, 12]. This paper presents the original profile design with a slightly 

double curved mean line. The fan is designed based on the design of the fan blades with 

straight profiles. To form the profile with a doubly curved mean line, normally the 

thickness of the straight symmetric profile marked as PP2 is applied [1, 13]. The shape of 

the profile is determined after a series of numerical simulations of flow in these fans with 

different angles of the profile end curvature [1]. This paper presents the comparison of 

the characteristics of the fan with the straight profiles of the blade numerically obtained. 

We should be careful with the introduction of double curved profiles since any change in 

the curvature can lead to separation of the flow from the surface of the blade profile and 

thus to the degradation of the fans’ performance [14,15]. 

2. THE BASIC GEOMETRY OF THE REVERSIBLE AXIAL FAN 

The basic geometry of the reversible axial fan is designed with the straight profiles of 

blades (Fig. 1) [1, 13]. In order to achieve equality of fluid energy exchange along the 

radius of the impeller, the blades of the impeller are spatially curved. The fan impeller is 

designed under the principle of equal specific work of all elementary stages, that is, 

under the principle of the flow along axially symmetrical cylindrical surfaces [3, 6, 15]. 

To determine the shape of the fan blades, the profiles are designed in 13 elementary 

stages, approximately equally distributed along the height of the blade. The design was 

performed using the method of lift force for straight profiles [1, 13]. In a cascade with 

straight profiles the leading and trailing angle of blade profile (1l = 2l) equals the angle 

of inclination profile t in the cascade profile (Fig. 1): 

 1 2l l t     (1) 

Fig. 1 schematically shows a meridian section of the reversible axial fan, with a 

developed cylindrical section for the mean section of the impeller. The straight profiles 

are set to step t, the angle of inclination t profile that changes the height of the blade. 

The primary flow of the fluid is left-to-right flow. In Fig. 1 the primary flow is indicated 

by speed c  corresponding to the direction of circumferential speed u . With the change 

in the flow direction (circumferential velocity direction  u ), the flow becomes reversible 

(flow velocity  c ). 
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Fig. 1 Reversible axial fan 

The diameter of the fan impeller hub and other geometrical values are obtained 

according to the recommendations for optimal values of the dimensionless volume 

coefficient and the pressure coefficient. For the calculation parameters of flow, volumetric 

flow rate Q = 3.61 m3/s, total pressure increase Δptot = 180 Pa, rotation speed n = 1405 rpm 

and assumed efficiency  = 0.65, the basic geometry of the fan impeller is obtained [1, 13]:  

 Di = 300 mm - diameter of the fan impeller hub, 

 De = 630 mm - peripheral diameter of the fan impeller, and, 

 zK = 6 -  number of impeller blades. 

3. PROFILES WITH A DOUBLY CURVED MEAN LINE - ASYMMETRIC PROFILES 

The flow reversibility at the reversible axial fan can be achieved by applying blades 

with asymmetrical profiles, which have a doubly curved profile shape mean line in the 

shape of a stretched 'S' (Fig. 2). In order to achieve the same characteristics for both 

directions of flow, the leading and trailing angles of the profile blades should be equal 1l 

=2l.  They are different from the angle of inclination profile t in the cascade profile 1l 

=2l t depending on the angles of the curvature of the ends of profile l (Fig. 4). For 

the purpose of creating a profile, the thickness of a straight symmetric profile PP2 is 

usually applied to the mean line [1, 13]. 

3.1. Mean line design in the profiles with a double curvature 

The design shape of the mean line of this profile is determined after a series of 

numerical simulations of flow in the straight profile cascades [12].  

Fig. 2 shows the design of the mean line of the profile with a double curvature: rays 

(a1 and a2) are drawn from the ends of the profile (point A1 and A2), under the chosen 

angle of curvature of profile mean line Δβl. The rays with verticals, drawn along length l1 
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(l1=0,2l) of the ends of the profile, make intersection points B1 and B2. The line joining 

points (B1 and B2) passes through the middle mean line of the straight profile, point O. 

Curvature of the profile is obtained by connecting the lines ( 1 1A B  and  1 2B B  on the one 

hand, and 2 2A B  and 2 1B B  on the other) with radius R (R=l). The perpendicular distance 

between the rays (a1 and a2) drawn from the end points (point A1 and A2) is marked with e 

in Fig. 2. Relative size e  ( /e e l ), in relation to the profile length, with the angle of 

profile curvature Δβl, is expressed by the relation: sin le l    . 

 

Fig. 2 Design of the mean line of the doubly curved profile 

The profiles with a doubly curved mean line have equal angles of curvature of the 

profile ends, which along with the centerline of the profile (A1- A2) amounts to l. 

3.2. Designing the curved profile 

The curved profile is designed by perpendicularly applying thickness δj
 of the straight 

symmetrical profile marked as PP2 [1, 13] along the doubly curved mean line lj for the 

intersection j (Table 1, Fig. 3).  

Table 1 Distribution of thickness along the profile mean line [1, 13] 

 (lj/l ) 102 0.00 2.14 3.57 5.62 10.53 20.43 30.24 40.14 50.00 

 (δj/δmax) 102
 0.00 43.33 50.00 58.33 73.33 86.67 95.00 96.67 100.0 

 (lj/l )  102 59.77 69.58 79.48 89.38 94.29 96.52 97.86 100.0  

 (δj/δmax) 102
 96.67 95.00 86.67 73.33 58.33 50.00 43.33 0.00  

 

Fig. 3 Geometry of the doubly curved profile 

l – the profile length max- the maximum profile thickness, r – the radius of the 

curvature of the profile ends, R – the radius of the profile curvature,  – the 

angle of the curvature of the profile ends 
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If one observes a cascade with profiles that have a doubly curved mean line, the leading 

and trailing angles of blade profile (1l =2l) are greater or smaller than the angle of 

inclination of profile cascade t, for the angle of end curvature of profile mean line l 

(Fig. 4): 

 1 2l l t l       (2) 

Fig. 4 shows the position of the doubly curved profiles in the cascade profile with 1l =2l 

>t (Fig. 4-a) and 1l =2l <t (Fig. 4-b). 

 
a) 

 
b) 

Fig. 4 Cascades with doubly curved profiles: a) Leading and trailing angles of the profile 

1l =2l =t+l, (1l <t), b) Leading and trailing angles of the profile 1l =2l =t-

l, (1l >t) 

4. NUMERICAL SIMULATION OF FLOW IN THE REVERSIBLE AXIAL FAN 

In order to determine the best profile shape, numerical simulations are carried out for 

the flow in an reversible axial fan with the blades which possess different angles of 

curvature of the profile mean line ends: l = 2.90 ( e = 0.05), l = 4.50 ( e = 0.078) 

and l  = 60  ( e =0.1). 

4.1. Model of the reversible axial fan for numerical simulations 

The blades of the model fan for numerical simulations are formed on the basis of the 

fan designed with straight profiles for seven cylindrical sections of the impeller x  

(x=I-VII)  (seven elementary stages) [1, 13], whose positions are defined by radii rx 

(Table 2). The profile geometry of radii rx (Table 2, Fig. 5) is defined by profile length lx, 
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thickness distribution δj along the mean line, as shown in Fig. 3, the maximum thickness 

in the middle of the profile δmax,x, the profile leading and tail curvature radii r1x=r2x and 

the angle of profile inclination βtx. 

Table 2 Geometry of the profile cascade in cylindrical sections 

Section: x 
rx 

[mm] 

tx 

[mm] 

lx 

[mm] 
tx 

[°] 

δmax,x  

[mm] 

(δmax/l)x  

[-] 

r1x= r2x  

[mm] 

I 150 157 144 53.7 12 0.083 2.4 

II 178 186 138 42.3 11 0.080 2.2 

III 205 215 133 36.4 10 0.075 2.0 

IV 233 243 126 31.8   9 0.071 1.8 

V 260 272 121 28.5   8 0.066 1.6 

VI 288 301 114 26.0   7 0.061 1.4 

VII 315 330 108 24.6   6 0.056 1.2 

 

Fig. 5 Blade with the profile mean lines developed in a plane, L=29.1° 

The difference in the inclination angles of the profile mean line at the hub ((ti=tI 

=53.7°) and the shroud (te=tVII = 24.6°), the angular spatial blade curvature L 

(Fig. 5), is L=t = ti. – te.= 53.7– 24.6 = 29.1° 

The blades are mounted on the hub under a specific blade angle (ti), which is defined 

in accordance with the profile inclination angle at the hub (L =ti). The angles of the 

profile ends for each cylindrical cross section (x) of the impeller are defined in relation to 

the inclination angle of the profile, i.e., in relation to the inclination angle of the mean 

line of the straight profiles (the profile PP2, Table 2), as well as 1l =2l =t l. 

The mean lines of the blade profile developed in a plane with angles 1l =2l >t are 

shown in Fig. 6-a, and the mean lines of the blade profile developed in a plane with 

angles 1l =2l <t are shown in Fig. 6-b.  
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a) 

 
b) 

Fig. 6 Mean lines of the blade profile developed in a plane, a) profile with angles 1l =2l 

>t, b) profile with angles 1l =2l <t 

4.2. Numerical flow simulations in ANSYS CFX 

In order to investigate the influence of the doubly curved blade profiles on the 

performance of a reversible axial fan, numerical simulations of flow are carried out for 

the design of a fan with one impeller, with the blades that have doubly curved mean line 

profiles, for different flow through the fan Q = (1100013500) m3/h, impeller speed 

n=1405 min-1 and air density  =1.2 kg/m3 [1]. Numerical simulations of the fan flow can 

provide aerodynamic characteristics. One of the most popular software packages for 

turbomachinery flow simulation, ANSYS CFX, is used for the numerical simulation of 

fluid [9, 11, 16].  

4.2.1. Model geometry formation 

The model geometry is formed by drawing a 3D model in a specialized part of 

software for the design of impellers of turbomachinery, ANSYS CFX-BladeGen (Fig. 7-a). 

Flow space is defined by the borders of entrance and exit from the impeller hub, shroud 

and blades of the impeller. Blade geometry is defined by several cylindrical sections 

(elementary stages). In this case, seven cylindrical sections are chosen for the application 

of the profile geometry (Table 1 and Table 2). 

Profile geometry at each intersection is defined by a comprehensive profile angle r, 

profile inclination angle t in the radial direction or the profile inclination angle in the 

axial direction (a=900t), and a thickness profile along the mean line of the profiles 

with the profile leading and tail curvature radii. 

This program has the option to 'compare'; thus it is possible to make a comparison of 

the profile geometry of a particular section of the impeller blades with a different profile 

cross-section by overlapping on the same profile (Fig. 7-b). This feature is particularly 

important when performing simulations to compare the performance of fans with various 

shapes of the profile. To assess the influence of the shape profile on the performance, it is 
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necessary to set up profiles of different forms of the same angle of profile inclination t 

because the characteristics of the fan are influenced by the inclination angle of the profile 

in cascade t, in addition to effect of the profile shape. 

 
a) 

(-7.7497,151.5502)    

 
b) 

Fig. 7 a) Fan model for the numerical simulation, b) Comparison of the geometry of straight 

and curved profiles 

4.2.2. Creating the mesh 

On the basis of the defined geometry model, a discretization mesh of the flow field is 

formed. This is one of the most difficult phases because the quality of the mesh depends 

on the accuracy of numerical simulation. On the other hand, one cannot ignore the 

constraints of the computing capacity, namely, those that limit the number of mesh nodes 

and the size of the mesh elements. When solving this problem a mesh of non-uniform flow 

field can be created, and it is significantly finer in those areas that are particularly important 

for research in the defined task. In turbomachinery, because of the symmetry of the 

impeller, only one of the blades can be considered along with a half of the space between 

the blades. This fact allows the formation of a finer mesh to shorten the calculation time of 

numerical simulations. 

There are a number of software versions for the creation of a mesh of the model, 

which in a sense makes it easier to prepare the model for numerical simulation. The mesh 

is formed in the software for creating a mesh for turbomachinery impellers TurboGrid 

ANSYS, which is part of the ANSYS software package for simulating flow. In this 

program, the user first defines the input and output of the simulated domain. The input and 

output are at a distance of 100 mm in front of, or behind, the impeller axis perpendicular to 

the axis of rotation (Fig. 8-a). The radial clearance between the blades of the impeller is 2.5 

mm. The number of mesh elements of 1/6 of the fan impeller is about 1000000 for all 

simulations. The mesh is made up from the topology (H/F/C/L-grid) with a mesh around the 

profile (O-grid), the mesh setting is performed according to the criteria recommended for 

maximum and minimum values of the elements: the relation between the edges, volume 

ratio and angle elements. 
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4.2.3. Defining the physical parameters of flow 

Defining the initial and boundary conditions, fluid characteristics and other physical 

parameters is done in the pre-processor of ANSYS CFX-Pre. This program defines the 

physics of the flow process. This determines whether the geometric model and its component 

parts are at rest or moving. Rotating motion of the impeller is defined as the axis of rotation 

and rotational speed (n=1405 min-1). Then, each of the interface geometry is assigned with 

the boundary conditions (input, output, solid surfaces-walls) and the initial value, the total 

pressure at the entrance (pItot=100 kPa) and the desired mass fan flow. When the model 

consists of several domains, it is necessary to define the places of their merger (the interface). 

Due to the symmetry of the impeller, the simulation is performed only in the space 

surrounding one blade, so it is necessary to also define the periodic surfaces of the flow field 

(Fig. 8-b).  

 
a) 

 
b) 

Fig. 8 Appearance of the simulated domain. The marks and values: Di=300 mm – hub 

diameter, D’e=635 mm – shroud diameter, s – tip clearance, lg=120 mm – length 

of the hub, bi=116 mm – the width of the blade at Di, be=45 mm – the width of 

the blade at De, l=200 mm – length of the simulated domain. 

This part of the program defines the type of fluid and its physical properties, the 

turbulence model (in this case, the k- model), and the criteria for numerical calculations 

(convergence - residual 10-5, the maximum number of iterations, the level of resolution, etc.). 

4.3. Results of numerical simulation 

The results of numerical simulations are presented in diagrams p(Q), (Q) and 

P(Q), which are given on the basis of the averaged values of simulation for the middle 

cylindrical section of the impeller, for different angles of the blade profile ends. All 

simulations are carried out for the angle of inclination of the impeller blades (mounting 

angle of blades) L=53.70, which is measured at the hub and is equal to the angle of 

inclination of the mean line of the profiles blade around the hub (L =ti). 

In order to assess the influence of the curvature of the blade profile on the performance 

of the fan, the diagrams also show the characteristics of the fan with the straight profile of 

the blades (profile PP2), also marked as l=00 in the diagrams. 
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a) 1l =2l =t+l 

 

b) 1l =2l =t-l 

Fig. 9 The influence of curvature on the total rise in pressure, ptot(Q) 

 

a) 1l =2l =t+l 

 

b) 1l =2l =t-l 

Fig. 10 The influence of curvature on the efficiency, (Q)   

 

a) 1l =2l =t+l 

 

b) 1l =2l =t-l 

Fig. 11 The influence of curvature on the power of the fan, P(Q) 

Figs. 9-a,b, 10-a,b, 11-a,b show, based on the performed simulation, the performance 

of the fan with doubly-curved profile of the blades (1l =2l =tl) and corresponding 

characteristics of the fan design with the straight profile of the blades (1l =2l =t, 

l=0), for comparison. 
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4.3.1. Analysis of the results obtained for the curved profiles, 1l =2l >t    

(Fig. 9-a, 10-a, 11-a) 

Increasing the pressure in the fan with blades that have curved profile ends 1l =2l 

>t   leads to approximately the same value for angles of curvature l =2.90 and l =40, 

which in relation to the fan with the straight profile is higher for about 2 % (Fig. 9-a). For 

an angle of curvature l =60 this difference is the smallest. 

With the increase in the angle curvature profile the efficiency of the fan slightly falls. 

(Fig. 9-b). The difference of efficiency was 0.5% for the highest flow rate (Q=13500 

m3/h), and 1% for the minimum flow, between the impeller with the straight profile of 

the blades and the curved profile, for l =60.  

Approximately equal power is needed for all the fans with curved blade profiles, for 

all the angles of curvature, and it is larger than the power of the fan with straight profiles, 

an average of 1.3% for the entire range of the simulated flow (Fig. 9-c). 

The optimal operating parameters (max) of the fan are achieved with the blades 

having the following profiles: 

 straight ( l =00 ): ptot=200 Pa, Q =12750 m3/h, P=0.80 kW, =0.868 

 curved, 1l =2l >t, l =2.90: ptot =194 Pa, Q =13000 m3/h, P=0.807 kW, =0.867 

 curved, 1l =2l >t, l =4.50: ptot =193 Pa, Q =13000 m3/h, P=0.807 kW, =0.865 

 curved, 1l =2l >t, l =60:  ptot =192 Pa, Q =13000 m3/h, P=0.805 kW, =0.862 

The optimal operating parameters of the fan with curved profiles 1l =2l >t are 

obtained at a higher flow rate in relation to the blades of the straight profile by about 2%. 

4.3.2. Analysis of the results obtained for the curved profiles, 1l =2l <t    

(Fig. 9-b, 10-b, 11-b) 

With the decrease of the leading and trailing angle profile of the blades the fan 

pressure decreases compared to the straight profiles for the entire range of simulation. 

For the angle of curvature l=60 the reduction of the fan pressure is about 2.5%, for the 

angle of curvature l =4.50 the reduction is about 1.5%, and for the angle of curvature 

l =2.90 the reduction is approximately 1% (Fig. 9-b). 

The efficiency throughout the range of the simulated flow rate slightly decreases with 

the increasing angle of curvature (Fig. 10-b), for the angle of curvature l=60 the 

reduction of efficiency is about 0.7% for the calculated flow (Q = 13000 m3/h). 

With the increase in the angles of curvature the fan power is reduced and it is less than 

the power of the fan blades with the straight profiles. For the angle of curvature l=60 the 

power reduction is approximately 2% in the whole range of the simulation (Fig. 11-b). 

The optimal operating parameters (max) of the fan are achieved with the blades 

having the following profiles: 

 straight, 1l =2l =t  ( l=0 ): ptot =200 Pa, Q =12750 m3/h, P=0.80 kW, =0.868 

 curved, 1l =2l <t , l=2.90: ptot =199 Pa, Q =12700 m3/h, P=0.815 kW, =0.866 

 curved, 1l =2l <t , l =4.50: ptot =197 Pa, Q =12700 m3/h, P=0.792 kW, =0.865 

 curved, 1l =2l <t, l =60:  ptot =204 Pa, Q =12500 m3/h, P=0.823 kW, =0.862 
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5. CONCLUSIONS 

On the basis of the conducted numerical simulations and the analysis of the obtained fan 

characteristics, it can be concluded that the profile curvature influences the performance of 

the axial reversible fan. The highest growth in the fan pressure is achieved with the blades 

that have the 1l =2l >t profile angles, with the angle of curvature l=2,90 for about 2% 

of the value of all the simulated flow. The efficiency in the optimal regime is slightly 

smaller, by about 0.1%. The smallest increment of pressure and the efficiency of the lowest 

level are achieved in the fan with the blades that have a curved profile with the 1l =2l <t 

angles. 

The optimal operating parameters of the fan with curved profiles 1l =2l >t (l=2,90) 

are obtained at a higher flow rate in relation to the blades of the straight profile by about 

2%. The optimal operating parameters of the fan with curved profiles 1l =2l < t  are 

achieved at a lower flow rate compared to the blades with straight profiles for about 0.4%. 

There is a risk involved and thus care should be taken when introducing a double curve 

in the profile of the blades. Any change in the curve directly affects the separation of the 

flow from the blade profiles, which can lead to a drop in the characteristics of the fan. 
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