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ABSTRACT 
This contribution presents an inverse design method for 

axial flow fans validated by 3-D RANS numerical simulations. 
It is based on an analytical performance derivation for different 
free-vortex distributions combined with a mean-line pre-design 
tool and supported by a new 2-D cascade potential flow 
computational method. This computes the 2-D planar cascade 
flow field and the inviscid deflection angle of thin arbitrary 
shape airfoils at different machine radii followed by a 
numerical radial integration into a quasi-3-D method. For 
validation, several fan designs were investigated, showing the 
influence of important design parameters as well as the 
potential of the present method by redrafting an industrial fan. 
The 2-D planar potential cascade code was validated against 
the Weinig’s coefficient diagram for flat plate and circular arc 
cascades. 

INTRODUCTION 
The design of axial fans is investigated by using non 

profiled thin cambered airfoils as firstly mentioned in Eck [6]. 
A new inviscid 2-D cascade computational approach is used so 
that no predefined airfoil data are needed. The workflow is 
outlined in Figure 1. The 2-D inviscid deviation angle is 
predicted by means of new inviscid cascade computation 
approach using a potential core instead of the cascade loss 
model as previously done in references [21], [24], [25]. The 
methods would lose their validity for the airfoil shapes 
investigated here, as well as the approach of Wallis [23]. The 
new procedure was successfully validated against Weining’s 
coefficient diagram as a function of cascade solidity 
[5]. Various vortex distributions are often recommended ([1], 
[10], [23], [24]) but without an analytical analysis of their 
impact on performance envelope. This contribution shows 
analytically how the free-vortex distribution can be specified at 

any desired flow-rate and how this influences the performance 
envelope of axial fans. As shown in Figure 1, the first step of 
this approach isolates the design requirements based on 
measurements or CFD results. The vortex-distribution and the 
blade angle are then specified according to the analytical 
framework. With these, a mean-line is chosen. Next, a quasi-3-
D potential-flow analysis is performed with the resulted blade 
design to capture the exit angle deviations. The resulting 
geometry is then evaluated by numerical RANS 3-D 
simulations. 

 

 
Figure 1 SCHEMATIC FAN DESIGN PROCEDURE 
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If the design requirements are not met in any of the 
previous steps, the number and/or shape of the blade elements 
will be optimized iteratively. The final validation of the 
geometries occurs experimentally. A truck cooling fan was 
optimized with this proposed method. The experimental 
validation of the optimized fan is in process. The result will be 
presented in a separate paper. 

ANALYTICAL PERFORMACE DERIVATION FOR 
AXIAL FANS 

A typical cascade is obtained by projecting a cylindrical 
meridional stream surface at a radius r, in Cartesian 
coordinates. For an axial fan we can make the following 
simplification before deriving the fundamental equations: 

• No pre-swirl condition according to [1] as depicted in 
Figure 2:  

1 1 10u mc c c= => =  
• The meridional component of the velocity (mass flow 

component) is equal at inlet and at outlet (Figure 2): 

1 1 2m mc c c= =    
• The flow at the inlet is shock-less  
• The flow is blade-congruent. 

 
For the section of a simple stage axial fan, the Euler equation in 
the total-pressure form reads: 

 

( ) ( )2 2 2 2
12 1 2 2 12t

static dynamic
component component

p w w c cρ
⎡ ⎤
⎢ ⎥

Δ = − + −⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦
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(1) 

 
 

Static pressure can be transformed using the properties of the 
velocity triangles to the following expression: 
 

( )( )2 2 2
12 1 2tan

2sp U cρ βΔ = −  (2) 

 
The total pressure tpΔ   from eq. 1 can be reduced to the 
following form: 

 
 12 2t up U cρΔ =  (3) 

 
Further it can be expressed as a function of the outlet angle: 

 
( )( )12 1 2tantp U U cρ βΔ = −  (4) 

 

Figure 2 CASCADE WITH INLET AND OUTLET VELOCITY 
TRIANGLES ACCORDING TO THE MEAN-LINE THEORY 

 
The total-to-static pressure ([7],[8],[11]) can be written 

according to [9] : 
 

2 2
12 1 22 2t s s tp p c p cρ ρ

−Δ = Δ − = Δ −  
(5) 

(For the sake of brevity the use of indices (1-2) for defining the 
stage is dropped from further use.) Eq.5 can be further 
expressed as: 

 

( )( )2 2 2 2
1 2 1tan

2 2t sp U c cρ ρβ−Δ = − −
 

 
(6) 

In a recent study [9] the author has shown that this is the 
relevant pressure when designing axial fans. However, this is 
not always appropriate as for example, when a stator is present 
after the rotor, which recovers the dynamic head of the swirl. 
Many definitions for the efficiency of turbomachines can be 
found in literature, as stated in Dixon [21]. Therefore it is 
sometimes difficult to choose the proper one for a specific 
application.  

Given the ideal case, the total hydraulic power transmitted 
to the shaft is equal to the power of the shaft. Therefore the 
required shaft energy can be written as the product of total 
pressure and the flow-rate. However, if the total-to-total 
pressure efficiency is evaluated based on the previously derived 
equations, this will always be equal to 1.  In the case of a total-
to-static pressure the “total-to-static efficiency” can be defined 
[9]: 

− −
−

Δ Δ
= =

Δ Δ
t s t s

t s
t t

p Q p
p Q p

η  (7) 
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Substituting the expression for t sp −Δ  (eq.7) and tpΔ  (eq.5), 

t sη −  is transformed in the fallowing expression: 
 

( )( )
( )( )

2
21

2

1 2

tan 1
1
2 tant s

cU
U

U c

β
η

β−

⎡ ⎤⎛ ⎞
− +⎢ ⎥⎜ ⎟

⎝ ⎠⎣ ⎦=
−

 

 
 

(8) 

 
It was shown in [9] that the reaction is not a proper 

performance parameter for design. The total-to-static efficiency

t sη − was used instead.  
Until this point, the derivation has been done only for one 

cylindrical meridional section of the axial machine. Since 
geometrical characteristics of blade sections change as one 
moves from hub to tip, their variation on the global design has 
to be considered. At the beginning of the derivation one has to 
assume a radial vortex distribution. Two types of vortex-
distributions are distinguished based upon radial equilibrium 
[1], [3]. We assume the free-vortex distribution in the further 
analysis. Based on the angular momentum equation this 
condition reads: 

 2uc r const=  
 

(9) 

This means that every radial section of the fan will have 
the same total pressure increase since the peripheral component 
of the absolute velocity 2uc  together with the peripheral 
velocity are the only parameters in the total-to-total pressure 
equation (eq. 3). The free vortex design-point can be adjusted at 
any desired flow-rate as pointed by the radial 2β

 
distribution: 

 

( ) ( )( )2
2

2 2 tan
arctan h md h

md

r n k r n c
r

c
π π β

β
⎛ ⎞⋅ ⋅ ⋅ − ⋅ ⋅ ⋅ − ⋅

= ⎜ ⎟⎜ ⎟
⎝ ⎠

  
(10) 

 
Whereas mdc  is the free-vortex-design-velocity is 

expressed upon the free-vortex-flow-rate ( dQ ): 
 

( )2 2
d

md
t h

Qc
r rπ

=
−

  
(11) 

 
Miclea et al. [9] showed that the integral expressions for 

the static pressure, total pressure and total-to-static pressure are:  
 
Static pressure 

( )( )
2

22
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A c
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∫
 

(12) 

Total pressure 
 

( )( )2
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A c
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(13) 

Total-to-static pressure 
 
 

( )( )
2

22 2
1 1
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h

r
r h md h

t s r
mdr

U k U c
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A c

βρ π−
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(14) 

The total-to-static efficiency can be written as the ratio 
between the total-to-static and total pressure given by the last 
integral equations.  

For the investigated case in this contribution, a 
performance analysis is performed aiming a consistent 
improvement of the total-to-static efficiency by keeping at least 
the same pressure characteristics at the operating point. The 
performances (computed as described in the CFD setup section) 
and geometric dimensions of the reference fan are depicted in  
Table 1. The maximum tip radius rt was fixed in this study as a 
design constraint. It originates from the reference fan.  

The performance impact of two design parameters was 
investigated: the free-vortex design-flow-rate ( dQ ) and of the 

outlet-hub-angle ( 2hβ ). This can be achieved by changing one 
of the parameters while keeping the other constant as it will be 
shown in the study given in the next section. After finding an 
optimum value for one of the design parameters, its value will 
be fixed and the procedure will be iterated by changing the 
other design parameters until is found an optimum value for 
each of them. 

 
PARAMETER VALUE UNITS 
rt 0.28 [m] 
rh 0.143 [m] 
k 0.51 [-] 
U 3000 [rpm] 
QD 4 [m3s-1] 

( )t s Dp at Q CFD−Δ 1500 [Pa] 

( )t s Dp at Q CFDη − 0.49 [-] 
z 8 [-] 
 
Table 1 GEOMETRICAL AND CFD PERFORMANCE 
PARAMETERS OF THE REFERENCE IMPELLER 
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POTENTIAL BLADE ANALYSIS 

1. Description of the plane 2-D cascade model 
In the previous section, the one-dimensional mean-line 

based analysis was exposed. An extension of this theory can be 
achieved by analyzing the two-dimensional flow in a cascade of 
thin cambered airfoils. For achieving this, a new method was 
developed using the potential-flow theory.  

The aerodynamic analysis problem of airfoils is solved in 
many classic textbooks by dividing it in two main influences: 
the camber influence and the thickness influence as depicted for 
instance in Figure 3. 

 

The method of handling the two-dimensional flows in 
turbomachinery cascades is described in Lewis [1] and has 
originally been developed by Martensen [2]. Lewis [1] solves 
the complex potential problem for two-dimensional cascade 
numerically, by using a vortex panel distribution. However, this 
method has been developed for thick airfoils. It solves both the 
camber and the thickness distribution problem. Previously to 
Martenesen, Weinig [4] has solved analytically the complex 
potential problem of straight two-dimensional cascades [4]. 
Later, he developed a method of solving the exact potential 
flow through the cascades of circular arcs. However, none of 
these methods could solve the problem for cascades of arbitrary 
shape [11]. Lakshminarayana [11] reports the Weinig-analysis 
of camber-lines as unpractical for design purposes.  Schlichting 
and Scholz have published a paper [22] showing how this could 
be handled with the classical vortex distribution approach of 
Birnbaum for the cascades of a compressor. The problem can 
be solved numerically in a different manner than previously by  
Schlichting [22] by deriving a vortex panel method for an 
infinite array of thin-foils. In the framework of vortex panel 
methods the complex potential of a cascade reads [1]: 

 
( ) ( )
( ) ( )

sinh sin
cosh

2 2 2 cosh cos
x i yi z iu iv

t t x y
⎛ ⎞−Γ Γ⎛ ⎞− = = ⎜ ⎟⎜ ⎟ ⎜ ⎟−⎝ ⎠ ⎝ ⎠

  
(15) 

The velocity induced by a vortex of circulation Γ at (x0,y0) at an 
arbitrary point of coordinates (x, y) reads [3]: 

 
0

2 2
0 0

( )
2 ( ) ( )

y yu
x x y yπ

−Γ
=

− + −
 (16) 

 
0

2 2
0 0

( )
2 ( ) ( )

x xv
x x y yπ

−−Γ
=

− + −
 (17) 

 
The normal vector on a surface panel reads: 
 

( ) ( )( )sin ,cosn ζ ζ=  (18) 
 
So that the influence coefficients are computed according to: 
 

( , )a u v n= ⋅  (19) 
And the RHS reads [3]: 

 
( ) ( ) ( ) ( )inf cos sin sin cosRHS V α ζ α ζ= − +⎡ ⎤⎣ ⎦ (20) 

 
The strengths of the panel vortex: 

 
[ ][ ] 1a RHS −Γ =  (21) 

 
For the computation of an airfoil row eq. 16 and 17 were 
adapted in eq.15 and after some manipulations we obtain: 

 
( ) ( )( )

( ) ( )( )
sin sin
2 cosh coscascade

a
u

t b a
λ ζ− +

=
−

 (22) 

 
( ) ( )( )

( ) ( )( )
sinh cos

2 cosh coscascade

b
v

t b a
λ ζ− +

=
−

 (23) 

 
With λ as stagger angle (Figure 4) , and a and b are defined as: 
 

( ) ( )0 0( )cos ( )sin
2

y y x x
a

t
λ λ

π
− + −

=  (24) 

 
( ) ( )0 0( )cos ( )sin

2
x x y y

b
t

λ λ
π

− − −
=

  
(25) 

 
The influence matrix: 
 

cascade cascade cascadeA u v= +  (26) 
 
With the RHS of the cascade written in matrix form: 

 

[ ]
( ) ( )
( ) ( )inf

cos sin
1 1

sin coscascadeRHS V
α λ ζ λ

α λ ζ λ

+ +⎡ ⎤
= − − ⎢ ⎥

+ +⎢ ⎥⎣ ⎦

 (27) 

 
It yields to the solution for the airfoil vortex strength: 

 
[ ][ ] 1

cascade cascade cascadeA RHS −Γ =  (28) 
 

 
Figure 3 CAMBERED AIRFOIL 
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THE DESIGN METHOD STEPS  

1. Mean-line blade generation  
The main assumptions for the predesign blade generation 

process are that the flow is inviscid, and one-dimensional. 
However, the real flow will never be like this since it is three-
dimensional viscous and turbulent. Nevertheless, a good blade 
shape will guide the flow inside the channel in such a way that 
the losses will be minimal and it will achieve performances 
very close to the desired ones. The core of blade-generation 
process, in the assumptions stated previously is the matching 
method between the inlet and outlet angles, which are received 
as an input from the analytical analysis.  The coupling of the 
blade angles is made as depicted in Figure 7 by inserting two 
other conditions required for the definition of the cascade: the 
angle α and the stagger angle λ. The angle α is defined as the 
angle between the relative inflow velocity and the stagger angle 
(Figure 7). As already mentioned, the sections of the blades will 
be designed with very thin airfoils. Figure 7 depicts a thin 
airfoil from a cascade showing a correlation between the inlet 
and outlet flow angles, blade cambers and stagger.  
The inflow angle with the no swirl condition at the design flow-
rate ( 100%dQ = ) (axial entry) reads: 

sec
1

1

tan( ) tionU
c

β =  (29) 

 
From the geometry of the thin airfoil the inlet and outlet camber 
angle can be geometrically derived: 

1tan( ) dy
dx

θ =  (30) 

2tan( ) dy
dx

θ =
 

(31) 

 
Further based on Figure 7 the inlet flow angle can be derived 
for a shock-less entry in the cascade: 

1 1β θ λ= +  (32) 

Figure 7 INLET AND OUTLET BLADE ANGLES 

The cascade stagger angle is expressed: 
 

1λ β α= −  (33) 
 

The outlet flow angle is geometrically obtained: 
 

2 2θ λ β= −  (34) 
 
For solving the system of equations (eq. 32, 33, 34), λ can be 
eliminated from the first two relations and a first relation can be 
determined between alpha and the inlet camber: 

1θ α=  
 

Figure 8 WORKFLOW DIAGRAM OF THE MEAN-LINE BLADE 
GENERATION PROCESS 

 
The angle distribution between inlet and outlet is given by 

a function. In this contribution we used a NACA 4 Digit 
function but this represents no limitation, the method can be 
used for any arbitrary function. The camber and camber 
position of a NACA-4 Digit camber-line are determined when 
solving the following equation system. Angle α is still 
unknown, but for any value of it the stagger angle λ and the 
inlet and outlet camber are known and so are the camber and 
camber position (m,p in eq. 35 and 36) required for the NACA 
function. All these relations and the workflow are shown in 
Figure 8. 

( )2
2 2 22 2my p x x

p
⎡ ⎤= −⎣ ⎦

  
(35) 

( )
( ) ( )2

1 1 12 1 2 2
1n n n

my p p x x
p− − −

⎡ ⎤= − + −⎣ ⎦−
  

(36) 

The blade section generating process is repeated for every 
radial section. The radial inlet angle distribution is given by eq. 
29 while the exit angle distribution is computed by eq. 10 
which is developed by further equating of eq. 9. Once the hub 
exit angle 2hβ and the desired free-vortex-flow-rate are set, the 

radial distribution of exit angle ( )2 rβ is computed and 
therefore all blade sections can be defined. 
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An example of stacked blade sections is illustrated in 
Figure 9. Here the sections are stacked at 25% of the chord. The 
pitch-chord-ratio respectively the number of blades has not 
been set yet. Prior to finding the optimum number of blades, an 
overview of the main blade influence parameters and of the 
inviscid deviation angle on the performances of axial fans is 
given in the next sections of the present study.    

 

Figure 9 Stacked radial blade sections in the x,y cascade plane  
 

2. Theoretical and quasi three-dimensional 
performances for an example axial fan 
In this section the analytical performances in terms of 

total-to-static pressure and total-to-static efficiency are 
presented starting with a variation of the design flow-rate for 
the free-vortex design and a variation of the exit blade angle 
while keeping the same inlet angle 1β  designed for the flow rate 
Qd=100%. A mass flow-averaged exit-angle was computed for 
each designed section by using the plane two-dimensional 
computation.  This is introduced in the analytical equations in 
the first section, and the loss due to the two-dimensional flow 
in terms of t sp −Δ  and t sη − is obtained. These results are 
compared with the one-dimensional analytical solution in this 
section. The quasi-3-D computations used the same blade 
spacing for all investigated cases.  

In Figure 10 the influence of the free-vortex design point is 
presented while keeping 2hβ constant at a value of 45°. The 
design parameter Qd is fixed at 4 flow-rates from 4 m3/s  (100%  

of the desired working point) to 24 m3/s (600% of the desired 
working point). The tendency is clearly indicated on the 
different Qd pressure-slopes: the higher the design-flow-rate for 
the free-vortex condition the higher is the achievable flow-rate. 
The value of the maximum t sp −Δ stays the same at zero flow-
rate since it is independent of the design-flow-rate as given by 
eq. 14. From the analytical point of view the tendency shown in 
Figure 10 means that the maximum achievable flow-rate and 
the total-to-static-pressure slope can be influenced only by the 
free-vortex-design-flow-rate Qd. 

Figure 10 ANALYTICAL AND QUASI-3D TOTAL-TO-STATIC 
PRESSURE OF THE FAN FOR DIFFERENT FREE-VORTEX 
MERIDIONAL DESIGN FLOW-RATES 

 

Figure 11  Analytical and Quasi-3D  total-to-static efficiency of 
the fan for different free-vortex meridional design velocities 

2 3 4 5 6 7 8 9 10
0

1000

2000

3000
 Qd=100% (1-D)
 Qd=150% (1-D)
 Qd=200% (1-D)
 Qd=600% (1-D)
 Qd=100% (q-3-D)
 Qd=150% (q-3-D)
 Qd=200% (q-3-D)
 Qd=600% (q-3-D)

Flow-rate [m^3/s]

To
ta

l-t
o-

st
at

ic
-p

re
ss

ur
e 

[P
a]

2 3 4 5 6 7 8 9 10
0.0

0.2

0.4

0.6

0.8

1.0
 Qd=100% (1-D)
 Qd=150% (1-D)
 Qd=200% (1-D)
 Qd=600% (1-D)
 Qd=100% (q-3-D)
 Qd=150% (q-3-D)
 Qd=200% (q-3-D)
 Qd=600% (q-3-D)

Flow-rate [m^3/s]

To
ta

l-t
o-

st
at

ic
-e

ffc
ie

nc
y 

[-]



 8 Copyright © 2011 by ASME 

The results of the potential computation show a loss of the 
designed pressure for all the designs. This is due of the angle 
deviation (Figure 4). The total-to-static efficiency tendency 
indicates this is higher, and reaches its maximum  t sη −  while 
the design flow-rate is lower as depicted in Figure 11. The 
effect of the quasi-3-D computation on the total-to-static 
efficiency t sη −  shows it increases while the maximum flow-rate 

decreases. As a result of the deviation angle, 2β  increases in 

and so does the total-to-static efficiency t sη −  (eq. 8). 
 

Figure 13 ANALYTICAL  AND QUASI-3D TOTAL-TO-STATIC 
EFFICIENCY OF THE FAN FOR DIFFERENT HUB BLADE ANGLES 

 
The analytical dependence of t sp −Δ  in axial fans on the 

exit angle 2β  prescribed at the hub section is presented in 

Figure 12. For computing the t sp −Δ and t sη −  characteristics, 
the free-vortex-design flow-rate Qd was kept constant at the 
value of 24 [m3/s] (600% of the desired working point). When 
decreasing the angle down towards 0° the maximum achievable 
flow rate for the static pressure t sp −Δ  increases considerably.  

The highest efficiency is obtained when designing with 
high outlet angles, but the machine works at smaller flow-rates 
as depicted in Figure 13. Since the flow exit angle gets higher 
in the quasi-three-dimensional case the efficiency will increase 
when compared to the one-dimensional theory. 

The results of the potential computation show a loss of the 
designed pressure for all the designed fans. Previously it was 
shown by the authors [9] that the peak pressure at zero flow-
rate is not depending upon any other factor then the peripheral 
velocity.   

3. 3-D CFD setup 
The simulation setup for the 3-D RANS CFD is shown in 

Figure 14. References about pipe test-rig measurements of axial 
fans are available in Wallis [23], Eck [6] or Eckert [12] . The 
CFD model was divided in 3 computational domains: the inlet 
domain, the fan domain (rotating) and the outlet domain 
(Figure 14). 

The fan was generated without the gap between tip and 
housing in order to reduce the number of nodes and 
computational effort. The main dimensions of the flow field are 
depicted in Table 2. Numerical simulations were performed on 
high performance computers (HPC) with ANSYS CFX® 12.1. 
Around 7 steady-state simulations were carried out for the 
reference fan for and each of the new designs by changing the 
flow rate from 2 to 8 [m3/s]. For the investigated case 
(aerodynamic flow) Bardina et al. [15] showed that the Shear 
Stress Turbulence model (SST) of Menter [14] has the best 
overall results. Also in Hirsch [20] the SST model shows the 
best predicting capability for a diffuser-case when compared to 
other turbulence models. The adaptive wall functions 
implemented in ANSYS-CFX® v. (12.1) were used in the 
simulations. 

2 3 4 5 6 7 8 9 10
0.0

0.2

0.4

0.6

0.8

1.0  β
2
=5°  (1-D)

 β
2
=15° (1-D)

 β
2
=30° (1-D)

 β
2
=45° (1-D)

 β
2
=60° (1-D)

 β
2
=5°  (q-3-D)

 β
2
=15° (q-3-D)

 β
2
=30° (q-3-D)

 β
2
=45° (q-3-D)

 β
2
=60° (q-3-D)

Flow-rate [m^3/s]

To
ta

l-t
os

ta
tic

-e
ff

ci
en

cy
 [-

]

Figure 12  Analytical  and Quasi-3D total-to-static pressure of 
the fan for different hub blade angles 
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 In Table 3 are shown the main settings for the simulations. 
The mass-flow-rate and pressure at the interfaces as well as at 
the inlet and outlet were monitored in the solver during the 
simulation. The simulations reached the convergence criteria 
after approximately 500 iterations and the convergence criteria 
were set at RMS 1e-4.  

 
SIMULATION PARAMETER VALUE 
Inlet mass flow [kg s-1] 
Inlet Turbulence 1% 
Inlet Temp. 25°C 
Outlet opening static pressure 0 [Pa] 
Outlet Temp. 25°C 
Outlet Turbulence 5% 
Walls/Blades/Hub/Casing No slip walls 
Interfaces GGI/Frozen Rotor 
Turbulence model SST 
Rotating speed 3000[rev m-1] 
Density 1.185[kg m-3] 
 
Table 3 SIMULATION SETUP 

 

4. Grid generation and grid study  
As stated in the previous section the computational domain 

used for the present study is composed from three separate 
parts: an inlet part, the fan domain and an outlet domain. In the 
books of Peric [19] and Hirsch [20] as well as in the CFX-
Solver Manual [17] can be found in-detail descriptions about 
the correct grid treatment for computations of internal flows 
using two-component turbulence models. In the mentioned 
works the most accurate grid for CFD simulations is a 
hexahedral grid. For the generation of the grids in this 
contribution, two commercial software programs were used: 
ANSYS ICEM® and ANSYS TurboGrid®. The first one was 
used for generating the test-rig and outlet domains, while the 
second one for generating the fan domain. The inlet and outlet 
pipes have the same geometry and the same grid spacing; their 
grid was generated using hexahedral elements. The spacing of 
the grid points was distributed bi-exponentially in the radial 
direction for the near-wall-treatment. For increasing the 
accuracy of the computation in the stream-wise direction the 
distribution of elements was adjusted with an exponential 
function, so that the elements near the fan interface region 

became smaller, as depicted in Figure 15. The number of 
elements was adjusted in the radial and peripheral direction 
according to the grid of the blade channel. 

 

Figure 15 SECTION TROUGH INLET, FAN AND OUTLET GRIDS  
 
The rotor grid was generated by using the turbo-machine 

dedicated grid generator from ANSYS, TurboGrid (Figure 16). 
In this software the geometry of a blade channel is 
automatically created based on a set of radial-spaced-airfoils, 
hub and shroud curves. Different grid generation options are 
available in the program including a full automatic grid 
generation by specifying the target number of elements in the 
blade channel. For the geometries presented in this study the 
grid generation was performed automatically using the ATM-
beta option.  

In the CFD simulations the accuracy of the computed near-
wall turbulence and implicit of the high turbulent regions 
computations is strongly dependent from the number of grid 
points within the computed boundary layer and the non-
dimensional grid spacing of the first element from the wall as 
described in Peric [19] and [17]. In ANSYS TurboGrid® this 

PARAMETER VALUE 
Inlet length 6rt 
Outlet length 6rt 
Interface to blade length (I) 60[mm] 
Interface to blade length (O) O>50[mm] 
Rotor length (lr) 180[mm] 
 
Table 2 DIMENSIONS OF THE CFD FLOW FIELD 

 

Figure 16 FAN GEOMETRY WITH MESH GENERATED IN ANSYS 
TURBOGRID® 
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can be adjusted by setting an average Re-number (radial 
average based on the chords lengths and relative velocity), the 
non-dimensional wall-spacing y+ and the wall normal height of 
the airfoil-surrounding O-Grid. In order to ensure the 
convergence of the solution and the optimal grid parameters of 
the studied geometries a grid study was performed for the 
reference fan. To ensure the convergence for all flow-rate 
simulation the grid study was conducted at the expected 
operating point and also at partial load and overload (50%flow-
rate and 150%flow-rate)). Figure 17 depicts the results of the 
grid study for different operating points. As a result of the grid 
convergence study, grids with approximately 200000 elements 
per channel were used for the simulations in this contribution. 
Each of the inlet and outlet grids had 575000 elements. The 
complete domain had ~2760000 elements. 

Figure 17 GRID STUDY CONVERGENCE 
 

5. Comparison of the quasi-3-D and CFD 
simulations 
 In this section the results of the quasi-3-D approach and 3-

D-RANS CFD are illustrated and discussed. In Figure 18 the 
free-vortex flow-rate prescription for t sp −Δ is investigated in 
the case of quasi-3-D simulations and 3-D CFD simulation. The 

CFD results are in satisfactory agreement with the potential 
ones and they show qualitatively the same tendency. This 
means that the quasi-3-D predicts with reasonable accuracy the 
pressure behavior and the maximum flow-rate as well.  

 

Figure 19 QUASI-3D AND FULL 3-D CFD  TOTAL-TO-STATIC 
PRESSURE OF THE FAN FOR DIFFERENT FREE-VORTEX 
MERIDIONAL DESIGN FLOW-RATES 
 
The differences between them are explained by the presence of 
viscosity and turbulence losses in the RANS 3-D CFD 
simulations. These results are relatively close to the potential 
ones when comparing the efficiencies t sη − (Figure 19). 

50000 100000 150000 200000 250000 300000
0

250

500

750

1000

1250

1500

1750

2000

Grid elements in a blade channel

 
 

To
ta

l-t
o-

st
at

ic
 p

re
ss

ur
e

  ΔPt-s@4[m3/s]-100% Qd

  ΔPt-s@2[m3/s]- 50% Qd

  ΔPt-s@6[m3/s]-150% Qd

50000 100000 150000 200000 250000 300000
0

10

20

30

40

50

To
rq

ue
 [N

m
]

Grid elements in a blade channel

  ΔPt-s@4[m3/s]-100% Qd

  ΔPt-s@2[m3/s]- 50% Qd

  ΔPt-s@6[m3/s]-150% Qd
2 3 4 5 6 7

0.0

0.2

0.4

0.6

0.8

1.0
 

 Qd=100% q-3-D
 Qd=150% q-3-D
 Qd=200% q-3-D
 Qd=600% q-3-D
 Qd=100% 3-D
 Qd=150% 3-D
 Qd=200% 3-D
 Qd=600% 3-D

Flow-rate [m^3/s]

To
ta

l-t
o-

st
at

ic
-e

ffc
ie

nc
y 

[-]

Figure 18 QUASI-3D AND FULL 3-D CFD  TOTAL-TO-STATIC 
EFFICIENCY OF THE FAN FOR DIFFERENT FREE-VORTEX 
MERIDIONAL DESIGN FLOW-RATES 
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Figure 20 QUASI-3D AND FULL 3-D CFD  TOTAL-TO-STATIC 
PRESSURE OF THE FAN FOR DIFFERENT  HUB BLADE ANGLES 
 
A boundary layer approach complementary to the potential 
model could predict also the friction losses and would improve 
the accuracy of quasi-3-D predictions. The working point flow-
rate is predicted with reasonable accuracy by the potential 
method for all the investigated cases in Figure 19.  

The same pattern of agreement is indicated in Figure 20, 
where the influence of the hub exit angle 2β  upon t sp −Δ is 
studied. There are two exceptions from the relative good 
qualitative agreement illustrated in figure: the case of the 
design with β2=5° and the one with β2=15°. 
 
The design having a β2=5° prescription surges bellow 4 [m3/s], 

and presumably this is due to the very high turning angle (Δβ), 
which cannot be fulfilled by the flow patterns at low flow-rates. 

Also the β2=15° design has a different behavior than the 
potential computation, its pressure increase is below the one of 
the β2=30° design as depicted in Figure 20. The blade sections 
of this design have higher turning angle than in the other 
investigated designs, which could be a reason for this behavior. 
Hence the blades with high turning angles should be deeper 
analyzed in the opinion of the authors and this will be presented 
in a future publication. The efficiency of these designs is 
illustrated in Figure 21 and shows the same qualitative 
agreement with the potential computation as in the previous 
case. In the potential computation the relative efficiency 
difference between the investigated designs is obvious but in 
the CFD computation this reduces to almost zero. Differences 
appear in the same cases as previously discussed, for the blade 
designs with high turning angle: β2=5° and β2=15°.However, 
the blade having the highest outlet angle β2=60° has the highest 
efficiency, 3-D CFD confirming qualitatively the quasi-3-D 
predictions as depicted in Figure 21. 

6. Optimum number of blades   
All CFD and quasi-3-D simulations and their results 

presented until now use the sections pitch-chord-ratio of the 
reference fan. However, this might be not the optimum number 
of blades for reaching the desired performance parameters.  

Figure 22 QUASI-3D AND FULL 3-D CFD  TOTAL-TO-STATIC 
PRESSURE OF A FAN WITH 10 AND 16 BLADES 

 
For investigating the optimum number of blades we picked 

up one of the previously investigated designs having β2=30° 
and a Qd of 600 % (Figure 22 and Figure 23). A sufficient high 
Re-Number of 400000 was set for all radii according to the 
inlet relative velocity w∞. In this way the length of the airfoils 
is set. In this contribution the total-to-static pressure t sp −Δ  and 

efficiency t sη − are the key performance parameters, the pitch-
chord-ratio influence upon them at the middle fan radius will be 
investigated.  At the middle radius a pitch-chord-ratio of 0.65 
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for a “high pressure design” (16 blades) was chosen as depicted 
in Figure 22. For the “high efficiency design” a pitch-chord-
ratio of 1 (10 blades) was chosen as illustrated in Figure 23.  
As pointed in Figure 22 the quasi-3-D prediction of the 
pressure with respect to the number of blades is reliable in 
terms of qualitative agreement until 4.5 [m^3/s]. The falling of 
the pressure of the 16 blades-design RANS simulation under 
the one with 10 blades is obvious owing to the higher viscous 
losses.  

The qualitative agreement between the 3-D CFD computed 
efficiency and the quasi-3-D solution is pointed in Figure 23. 
The blade spacing quasi-3-D efficiency predictions are 
confirmed by a good qualitative agreement in Figure 23. The 10 
blades design has a higher efficiency than the one with 16 
blades and has less pressure at the design point (4[m3 s-1]). 

7. Final design  
In this section the performances of the impeller design with 

10 blades is compared with the reference impeller. The pressure 
increase of the reference is very well met by the new design as 
illustrated in Figure 24. The efficiency is increased by the new 
design with almost 10% all over the flow range and the 
maximum flow-range is increased by the new fan. The new 
designed fan met all requirements set at the beginning of the 
process; its efficiency was improved at the working point with 
10%.  

CONCLUSIONS  
A new framework of designing axial flow fans using thin-

cambered airfoils of arbitrary shape is presented in this 
publication. The analytical approach has shown how the free-
vortex distribution can be specified at any flow-rate and what 
the expected performances are. For generating the blade 

sections an original mean-line design procedure was developed. 
The deflection angle and its impact on the fan performance has 
been investigated by using new quasi-3-D simulations 
procedure. The inviscid deflection and hence the inviscid 
cascade loss predicts an substantial amount of the total 3-D 
deflections as depicted first in the analytical and quasi-3-D 
section and then in the comparison between quasi-3-D and 3-D 
CFD simulations section. Also the quasi-3-D approach 
confirms qualitatively the effects of blade number on the 
performances of the axial fans as validated by 3-D CFD 
simulations. 

The computational effort in the design process using the 
quasi-3-D method is very small in terms of time (about 10 
seconds for the complete flow-range on a 3GHz PC) while 
compared to the same number of full CFD simulations. 

Figure 23 QUASI-3D AND FULL 3-D CFD  TOTAL-TO-STATIC 
EFFICIENCY OF A FAN WITH 10 AND 16 BLADES  

 

Figure 24 TOTAL-TO-STATIC PRESSURE AND EFFICIENCY OF THE 
REFERENCE AND OF THE NEW DESIGN 
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NOMENCLATURE 
Latin symbols 
c [m s-1] absolute velocity 
cmd [m s-1] meridional design velocity 
Cl [-] lift coefficient 
d [m]  diameter 
i [-] complex number 
l [m] chord length 
m [%] NACA airfoils camber 
n [min-1] speed 
nq [min-1] specific speed 
p [Pa] pressure 
p [%] NACA airfoil camber position 
P [W] Power 
Q [m3 s-1] flow rate 
r [m] radius  
R [-] Reaction 
Re  [-] Reynolds number 
t [-] cascade pitch 
[t/l] [-] pitch-chord-ratio 
u [-] non-dimensional x velocity 
U [m s-1]  peripheral velocity 
v [-] non dimensional y velocity   
v∞  [m s-1 ] velocity  
w [m s-1]  relative velocity 
z [-] number of blades 

 
 

Greek symbols 
α [rad] incidence angle,  
ß [rad] blade angle/flow angle 
δ [rad] deviation angle 

2 2pδ β β= −   

Δ [-] variation of a quantity 
Δβ [rad] blade turning angle 
Γ [m2 s-1] vortex strength (panel) 
λ [rad] stagger angle 
θ [rad] camber angle 
η [−] efficiency 
ν [m² s-1] kinematic viscosity of air 
ζ [rad] panel angle 
ρ [kg m-3] density 
σ [-] cascade solidity 
 

 
Subscripts and Superscripts 
1  at the impeller inlet  
2  at the impeller exit 
d  design 
D  design 
m  meridional 
P  potential 
t  total 

s  static 
t-s  total-to-static 
imp  impeller 
t (tip)  referring to tip 
h (hub)  referring to hub 
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