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Abstract  As a core component of a fan, the blade has a decisive impact on the aerody-
namic performance of a low-pressure axial flow fan. Due to the limitations of the classical fan 
design theory on considering the complex 3D internal flow, the spanwise distribution of blade 
stacking line and section profiles are usually hard to reach the best state. This paper builds a
surrogate-assistant multi-objective optimization flow combined with CFD method to explore the
optimum blade shape under two typical working conditions. A total of 16 parameters were se-
lected for demonstrating the blade stacking line and section profiles, according to Morris one-at-
a-time sensitivity analysis. The objective and constraint functions were the fan’s total-to-static 
efficiency and static pressure rise, respectively. During the optimization, the surrogate models 
of all response functions were built using kriging models, on which the multi-objective genetic 
algorithm takes the exploration. The optimization results indicate that the maximum improve-
ment of the efficiency is 1.26 % for low mass flow working condition and 5.47 % for high mass 
flow working condition. The optimized models tend to make the low-pressure zone distributed 
along the blade leading edge in the meridian view and to reduce the tip leakage vortex inten-
sity. This paper provides a good practical demonstration of multi-objective fine optimization on 
the blade shape of a low-pressure axial flow fan. 

 
1. Introduction   

The axial-flow fan is one of the most essential and common pieces of equipment in industrial 
production and daily life. With the international carbon emission reduction plan advancing and 
the green production requirement increasing, more and more attention has been paid to the 
aerodynamic performance of low-pressure axial fans. How to finely design and improve fan 
efficiency has become a widespread concern within the community. 

The classical analytical design methods, such as the blade element method (BEM) theory 
and inverse design method, have limitations on considering the three-dimensional complex flow 
phenomena inside the fan passage, such as secondary flow, endwall vortex, and tip vortex. 
Meanwhile, the “trial and error” [1] method also has limited ability to simultaneously deal with 
dozens of design parameters under multiple working conditions. Stefano [2] historically re-
viewed the development of aerodynamic design methods for low-speed axial-flow fans and 
pointed out that the CFD-based numerical optimization approach has become a more ad-
vanced fan design method. Many scholars [3-8] have researched applying numerical optimiza-
tion technology combined with CFD in the turbomachinery optimization process. Due to the 
large amount of calculation of CFD simulation, the total amount of calculation is often unbear-
able when the optimization algorithm is directly applied on the simulation method. Thus, a sur-
rogate model is introduced to reduce the CFD calculation times and speed up the optimization. 
For the axial flow fan field, Lin [9] proposed an integrated method comprising complex optimiza-
tion method, CFD, and artificial neural network (ANN) to optimize the blade sectional profiles of  
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an axial-flow fan. Seo [10] optimized the sweep and lean angle 
of an axial fan blade using a CFD-trained response surface 
method. Bamberger [11] developed a rapid optimization 
method for the axial fans based on the evolutionary algorithm, 
in which the objective function is evaluated by a CFD-trained 
multilayer perceptron type ANN. These strategies have signifi-
cantly reduced the optimization cost and acquired effective 
results, proving the effectiveness of the surrogate-assistant 
optimization method. 

As the core component of a low-pressure axial flow fan, 
blade shape has a decisive influence on fan performance. The 
existing researches [12-16] show that changing the blade sec-
tion profiles and stacking line benefits controlling the blade load 
distribution, reducing tip vortex flow and secondary flow inten-
sity, and expanding the fan operation range. However, multiple 
degrees of freedom for the blade shape and complex interac-
tion effects between different shape features make it difficult to 
further optimize the performance. Some researchers [12, 17] 
have utilized the optimization design method to improve spe-
cific shape features of the axial fan blade, such as blade sec-
tion profile [18] and stacking line [19-21]. Due to the amount of 
calculation increasing exponentially as the number of design 
variables increases, it is still a challenge to finely optimize the 
multiple blade shape features under multiple operating condi-
tions. 

To further improve the low-pressure axial fan’s aerodynamic 
performance under two typical working conditions, this paper 
carries out a fine optimization on the blade stacking line and 
section profiles with constraining the pressure rise. Before the 
optimization, we validated the mesh and simulation settings of 
the CFD method. A sensitivity analysis using Morris one-at-a-
time method was also carried out to filter important parameters 
from the initial design space. Then, an optimization flow includ-
ing blade shape parameterization, DOE, CFD simulation, and 
surrogate-assistant optimizer was established, and a multi-
objective optimization design was carried out on the blade 
stacking line and five section profiles. After the optimization, the 
Pareto front was acquired, in which three typical Pareto opti-
mum samples were selected. The blade shape, performance 
and parameters’ state of the optimized models were compared 
and the characteristics of the internal flow were also analyzed. 

 
2. Methodology 
2.1 Object of study 

The optimization object of this paper is a low solidity low-
pressure axial-flow fan USI7. The fan is a rotor-only fan rotating 
at 3000 rpm with five blades. The USI7 is well designed based 
on the blade element theory [22] and the section profiles of the 
blade are 4-digit NACA airfoils, with chord length and relative 
thickness varying along the spanwise direction. The primary 
design parameters are presented in Table 1. In 2015, Carolus 
[23] opened the geometry model (Fig. 1) and detailed perform-
ance test data to the fan community. 

2.2 Numerical simulation method 

Before the optimization, the validation of CFD method and 
settings of the simulation are checked. According to the fan test 
rig [23] and previous research [24], the inlet and the outlet of 
the computational domain are set at the 1Ds upstream and 2Ds 
downstream the impeller, respectively. A single blade passage 
is modeled to decrease calculating cost considering the axial 
symmetry of the fan structure, as shown in Fig. 2. The steady 
Reynolds-averaged Navier-Stokes (RANS) equations imple-
mented by Fine™/Turbo are applied to solve the flow flied, with 
low Reynolds number k-ω SST turbulence model. A mass flow 
rate condition is imposed at the inlet and an atmospheric static 
pressure condition is imposed at the outlet. The convergence 
criterion level is set to -5.  

Table 1. Basic information of the USI7. 
 

Parameters Value 

Design volume flow vq  0.65 m3/s 

Rotation speed n  3000 rev/min 

Number of blades z  5  
Shroud diameter SD  300 mm 

Hub to shroud ratio ν   0.45 

Tip clearance ratio / Ss D  1.0 % 
Chord length of airfoil sections c  68~86 mm 

Relative thickness of airfoil sections t  7~8 % 

Max. camber of airfoil sections m  4 % (at 0.5 c) 

 

 
 
Fig. 1. Geometric rendering of the USI7 rotor. 

 

 
Fig. 2. Schematic diagram of computational domain. 
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A structured mesh grid is generated using Autogrid5, and an 
O-type topology is applied to the blade surface with non-
dimensional wall distance y+ < 1. Fig. 3 shows the mesh de-
tails. 

Before the formal simulation, a grid independence verifica-
tion is carried out at five different mesh settings. Fig. 4 presents 
how the performance metric tsp  and  tsη  (defined in Eqs. (1) 
and (2)) vary with the mesh size. Considering the validity and 
calculation cost, the nodes size is finally adopted as 4379066. 

With above simulation settings, the CFD predicted aerody-
namic performance of the fan was compared with the experi-
mental test data [23] in Fig. 5. The definitions of the total-to-
static efficiency ts η , total-to-static pressure rise tsΔp  and 
dimensionless flow coefficient ϕ  are listed in Eqs. (1)-(3). 
There is an obvious hump on the performance curve of the fan, 
which is quite common for the rotor-only axial-flow fans. The 
fan’s peak efficiency is near ϕ = 0.170, and the peak static 
pressure rise is near ϕ = 0.153. When the flow coefficient 
comes below 0.170, the internal flow becomes unstable, mak-
ing the steady simulation method hard to accurately predict the 
fan’s performance [25]. So only the results of CFD at 
ϕ > 0.170 are kept in this paper, which has max error of 0.025 
for the efficiency and 5 Pa for the pressure. The CFD steady 

simulation method can be used as the basis of optimization 
design in this paper.  

 
ts 2s 1tΔp p p= −  (1) 

v ts
ts

Δq p
P

η =  (2) 

v
2 3

4 q
D n

ϕ
π

=  (3) 

 
The optimization goal is to increase fan performance under 

typical working conditions. The total-to-static efficiency at work-
ing condition 1 (ϕ = 0.170) and condition 2 (ϕ = 0.195) are 
selected as the optimization objective functions, marked as 1η  
and 2η , respectively. To maintain the pressure performance of 
the fan, the total-to-statice pressure rises at condition 1 and 2 
are used as the optimization constraint functions, marked as 

1p  and 2p , respectively. The optimization problem is defined 
as Eq. (4), where the x  is the design parameters vector, and 
Ux  and Lx  represents the upper bounds and lower bounds 

of the design parameters. 
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2.3 Blade shape parameterization 

A single 3D fan blade is lofted through multiple 2D blade 
section profiles along the stacking curve, as shown in Fig. 6. In 
this paper, the stacking point of the profile is at the chord line 
midpoint. To finely control the blade shape variation, five blade 
sectional profiles are extracted from 0.0, 0.25, 0.50, 0.75 and 
1.0 spans to parameterize the blade shape. The blade geome-
try is simplified into a fishbone structure. By changing the 
stacking line, camber curve and side curve of the section pro-
files, we could finely control the complex variation of the blade 
shape. 

 
 
Fig. 3. Mesh details near the blade and hub surfaces. 

 

 
 
Fig. 4. Mesh independence plot. 

 

 
 
Fig. 5. Simulation and experiment results. 
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Fig. 7 presents the parametrization schematic of the blade 
airfoils and the stacking line. The blade section profile is de-
fined using the NACA 4-digit symmetrical airfoil [26] method, of 
which the main design parameters are the chord length ic , the 
maximum camber im , the location of maximum camber ip , 
and the maximum thickness it . The iγ  is used to define the 
stagger angle of the airfoil. The subscript i∈ {1, 2, 3, 4, 5} in 
these five parameters means the blade section index. Hence, 
there are 25 parameters to control the variation of the blade 
section profiles. The 3D stacking line is projected to the merid-
ional plane ( Z R− ) and axial plane ( Rθ − ) for the parame-
terization convenience, as shown in Figs. 7(c) and (d). The 
circumferential movement of the blade profile is defined as 
tangential lean, and the axial movement of the blade profile is 
defined as axial sweep [27, 28] in this paper. The five points 
cubic B-spline is used to fit the stacking line. The control points 
are equidistant distributed along the spanwise direction, and 
the distance between the control point and the reference radial 
line starting from the fixed anchor point at the hub, is defined 

as the design parameter. The parameter list [ ]1 2 3 4, , ,L L L L  is 
used to control the lean feature of the stacking line and the list 
[ ]1 2 3 4, , ,S S S S  is used to control the sweep feature of the 
stacking line.  

Thus, there is a total of 33 parameters to depict the blade 
shape feature, and it is very difficult and computationally inten-
sive to optimize these parameters at the same time. To remove 
some parameters with weak influence on the responses, a 
global sensitivity analysis named Morris one-at-a-time (MOAT) 
[29] screening method was carried out in this paper. With 
MOAT, the modified mean *

iμ  indicates the overall effect of a 
parameter on the response, and the standard deviation iσ  
indicates the nonlinear or interaction effects of the parameters. 
The definitions of the id , *

iμ  and iσ  are listed in Eqs. (5), (7) 
and (8), where k∈Rx  is the design parameters vector and 
ie  is the thi  coordinate vector. In this paper, the number of 

MOAT levels l  is set to 4 and total number of generated 
samples n  is 136. 
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The distribution of the elementary effects in regard to four re-

sponse functions is plotted in Fig. 8. Note that a parameter 
may have different impacts on different response function. For 
instance, 4γ  has strong nonlinear or interaction effects on 1η , 

1p  and 2η , while it has strong linear effects on 2p . Consider-
ing the sensitivity of the parameters and the degrees of free-

 
 
Fig. 6. Diagram of blade geometry forming. 

 

 (a)  (b) 
 

 (c)  (d) 
 

 
Fig. 7. Schematic diagram of blade shape parameterization. 

 

 (a) η1  (b) p1 
 

 (c) η2  (d) p2 
 
Fig. 8. Standard deviation of elementary effects plotted against modified 
mean for 33 design parameters. 
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dom for blade geometric shape, 16 parameters are filtered 
from the parameters list. To obtain a reasonable parameter 
design space, the upper and lower bounds of the design pa-
rameters are extended based on the initial parameter values. A 
small exploration was carried out to confirm the design pa-
rameters’ limits by the following rules: 1) the geometry modeler 
could construct proper blade shape; 2) the blade mesh should 
fulfill the grid quality requirement. The status of final parameter 
limits is listed in Table 2. 

 
2.4 Optimization flow 

To solve the optimization problem, a surrogate-assistant 
multi-objective optimization flow is built based on the DAKOTA 
[30] software package. As shown in Fig. 9, the optimization 
flow includes two steps: build initial surrogate model and opti-
mization explore. 

To build the initial surrogate model, the baseline is param-
eterized to get the design parameters. Then total 128 samples 
are drawn from the design space by the Latin hypercube sam-
pling method (LHS). After evaluating the responses of all the 
sample points, the initial dataset is acquired to train the surro-
gate model. There are many popular non-linear fitting methods, 
such as polynomial regression, radial basis function (RBF) 
networks, kriging model, support vector regression model, and 
ANN. Some researches [31-33] have evaluated and compared 
different models’ effectiveness and performance. To select a 
suitable model for the specific problem, we compared the accu-
racy of three classical surrogates, the kriging [34], RBF, and 
polynomial regression model, as listed in Table 3. The root 
mean square (RMS) defined in Eq. (9) was used to evaluate 
the accuracy. For the surrogate model, we usually pay more 
attention to the prediction ability of the model. Thus, the leave-
one-out (LOO) [35] cross-validation method was applied to 
calculate the RMS too. Compared to the RBF and polynomial 
model, the kriging has lower fitting error and higher predicting 
performance in this paper. Thus, the kriging model was se-
lected to build the surrogate model, and separate models were 
built for each objective and constraint functions to simplify the 
surrogate model structure. 

 

( )2

1

1 ( ) ( )i
i

i

n

RMS f x f x
n =

= −∑  (9) 

 
After the initial surrogate model is built, the strength pareto 

evolutionary algorithm 2 (SPEA2) [36] is used to take the opti-
mization explore on the surrogate. The SPEA2 is a Pareto-
based multi-objective evolutionary algorithm (MOEA), whose 
evolutionary population size, external non-dominated set size, 
and the mating pool size are set to 400, 50, and 100, respec-
tively. In the selection operation, Deb's constraint tournament 
selection method [37] is used to handle the constraint of the 
optimization problem. Although Deb’s method does not specify 
the penalty parameters, it has a strong preference for feasible 
solutions in the process of individual selection. Thus, it imposes 
punishment on infeasible solutions to some extent and pro-
vides a search direction to the feasible region. The mutation 
probability is set to 0.01 to maintain the genetic diversity. When 

Table 2. Design parameters with initial values and limits. 
 

x  Lower bound Lx  Baseline Upper bound Ux  
c1  84 85.5 87 

c4  73 83.0 90 

γ 2  58 60.37 64 
γ 3  63 64.81 68 

γ 4  65 67.30 71 

γ 5  65 68.35 72 
t2  0.06 0.0791 0.14 

t4  0.06 0.0734 0.12 

m2  0.023 0.043 0.063 
m3  0.024 0.043 0.064 

m4  0.028 0.05 0.072 

p2  0.3 0.5 0.7 
S4  0.047 0.078 0.107 

L2  0.044 0.0748 0.104 

L3  -0.021 0.0108 0.041 
L4  -0.150 -0.1184 -0.080 

 

 
Fig. 9. Optimization flow chart. 

 

Table 3. Accuracy comparation of different surrogate models based on 
RMS and cross-validation RMS. 
 

Surrogate model Kriging RBF Polynomial 

RMS 4.42E-17 3.81E-03 6.56E-03 
η2

RMS (LOO) 4.53E-03 7.66E-02 7.62E-03 
RMS 2.45E-17 4.48E-03 1.05E-02 

η1
RMS (LOO) 1.17E-02 9.76E-02 1.21E-02 

RMS 2.88E-14 2.93E+00 2.50E+00 
p2

RMS (LOO) 1.58E-01 5.46E+01 2.93E+00 

RMS 2.01E-14 3.09E+00 8.52E+00 
p1

RMS (LOO) 9.28E-02 8.17E+01 9.83E+00 
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the generation of the population comes to 100, the optimization 
exploration on the surrogate model is stopped and the final 
population returns. To maintain the individual diversity of the 
Pareto set, five individuals are selected from the final popula-
tion. Then the accurate responses of the two candidates are 
verified by CFD. The whole optimization loop stops when it 
comes to the maximum number of design iterations. Otherwise, 
the five candidates are merged into the updated dataset, used 
to refresh the surrogate model. The MOEA optimizer continues 
to explore the updated surrogate model until the stop criterion 
is satisfied.  

The whole optimization calculation is executed on a high-
performance computing platform. Two nodes with AMD EPYC 
7452 CPU (32-Core@2.3Hz) are utilized to perform the CFD 
calculation, and total elapsed optimization time is about 190 
hours. The maximum number of iterations is 24 and total 120 
sample points are evaluated by the CFD simulation. 

 
3. Results 

The Pareto front of the optimization is presented in Fig. 10, in 
which the baseline performance is also marked to show the 
improvement. Three sample points on the endpoint and mid-
point of the pareto optimum are selected to analyze the specific 
optimization effects. The maximum improvement for 1η  is 
1.26 % at model C. The maximum improvement for 2η  is 
5.47 % at model A. Model B has moderate improvement for 
both 1  η  and 2η . The specific values of the efficiency are 
listed in Table 4, in which the pressure rise of conditions 1 and 
2 is also compared. The reason why relatively small efficiency 
improvements bringing higher total-to-static pressure rises will 
be discussed later. Fig. 11 has a comparison of the perform-
ance of the baseline and the optimized models under the sta-
ble working conditions. With the flow coefficient increasing, the 
optimized fans have higher performance improvement. 

The final state of the 16 design parameters is presented in 
Fig. 12. Most of the optimized models’ parameters are ran-
domly distributed at both sides of the baseline. While only 

4 3 4 2 5, , , ,L m t t γ  and 2γ  concentrate on the one side of the 

baseline, meaning that the blade shape with better perform-
ance tends to have extreme values of the parameter bounds. 
Thus, the limits of design parameters could be extended in 
further optimization. Fig. 13 exhibits the blade shape change of 
the optimized fans. Compared with the baseline, the optimized 
blades’ surfaces are more rugged, owing to the blade section 
profiles transformation along the streamwise and spanwise 
directions. For models A and C, the leading edge at blade tip 
region has changed from pure forward sweep to forward-
backward sweep, coming from the stacking line variation. For 
models B and C, the lean feature shows more complex distri-

 
Table 4. Performance improvement for the optimized model. 
 

Performance η2  [-] η1  [-] p2  [Pa] p1  [Pa] 

Baseline 0.464 0.509 155.3 197.14 

Value 0.489 0.510 192.88 218.25 
A 

Improve 5.47 % 0.20 % 24.20 % 10.71 % 

Value 0.479 0.512 179.61 205.15 
B 

Improve 3.44 % 0.55 % 15.66 % 4.06 % 
Value 0.471 0.515 159.01 206.34 

C 
Improve 1.58 % 1.26 % 2.39 % 4.67 % 

 

 
 
Fig. 11. Aerodynamic performance comparison at [ ]. , .ϕ ∈ 0 170 0 223 . 

 

 
 
Fig. 12. Parameter state of the optimized blades. 

 

 
Fig. 10. Pareto front of the optimization problem. 
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bution. All these characteristics enable the blade to better con-
trol the internal flow and improve the aerodynamic performance 
of the fan. 

 

4. Discussion 
To explore the reasons for the fan performance improve-

ment and understand the blade shape change effects on the 
internal flow, we analyzed the flow field state under the two 
typical working conditions. Fig. 15 presents the meridional av-
eraged static pressure plot of the optimized fans. Under condi-
tion 1, model C (Fig. 14(d)) shows a similar static pressure 
distribution pattern with the baseline (Fig. 14(a)), and the low- 
pressure zone at the leading edge and the blade tip is larger 
than the baseline. The low-pressure zone of models A and B 
(Figs. 14(b) and (c)) is focused on the top leading edge. By 
comparing the improvement of 1η  in Table 4, models A and B 
have the least of the efficiency increase, meaning that the fo-
cusing distribution of the low-pressure zone is not a benefit to 
the efficient transformation of energy. Under condition 2, mod-
els A and B’s (Figs. 14(f) and (g)) low-pressure zones are dis-
tributed along the leading edge, which is similar to the baseline 
(Fig. 14(a)) and model C (Fig. 14(d)) under condition 1. Mean-
while models A and B (Figs. 14(f) and (g)) have the most of the 

2η  improvement. Thus, a simple conclusion can be drawn 
from this phenomenon: making the low-pressure zone distract-
ing along the blade leading edge by changing the blade shape 
could improve the energy transformation efficiency of the axial 
fan. 

Fig. 15 shows the blade tip leakage vortex (TLV) and wake 

 

 
 
Fig. 13. Blade geometry shape comparison between the baseline and the 
optimized models. 

 

 
 (a) Baseline @ condition 1 (e) Baseline @ condition 2 
 

 
 (b) A @ condition 1 (f) A @ condition 2 
 

 
 (c) B @ condition 1 (g) B @ condition 2 
 

 
 (d) C @ condition 1 (h) C @ condition 2 
 
Fig. 14. Meridional averaged static pressure plot. 
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vortex variation among baseline and three optimized models. 
In Fig. 15, the magnitude of velocity curl plotted on the cut 
planes perpendicular to the blade chord line, is applied to 
demonstrate the vortex intensity. Under condition 1 (Figs. 
15(a)-(d)), the concentration of the A and B models’ TLV de-
creased compared to the baseline and model C. TLV rapidly 
developed and dissipated within the blade passage, which may 
block the channel flow and lower the flow efficiency. This could 
explain why the static pressure obviously increases while the 
efficiency has almost no improvement for models A and B. 
Under condition 2 (Figs. 15(e)-(h)), the interacting and mixing 
position between the neighbor TLV and the wake vortex of the 
optimized blades are closer to the blade trailing edge, com-
pared to the baseline. This variation comes from the stagger 
angle change at the tip span, which leads to the wake vortex 
bending to the blade pressure side. Meanwhile, the TLV inten-
sity of the optimized model A and B is significantly weakened 
than the baseline, benefiting the flow loss reduction and pres-
sure rise. 

The optimized fan models’ blade loading distributions at five 
span locations are plotted in Fig. 16. The blade chord is nor-
malized to [0, 1], meaning that the blade loading starts from the 
leading edge to the trailing edge. Under condition 1 (Figs. 
16(a)-(e)), the obvious variations occur at the blade LE and 
0.95 span locations: at the LE region, the pressure side loads 
of models A and B are decreased, while the static pressure of 
model A is consistent with the baseline; at the 0.95 span, the 
optimized blades’ loadings at the middle chord and TE loca-

tions are both decreased, compared to the baseline. The varia-
tion of the blade loading distribution under condition 2 (Figs. 
16(f)-(j)) shows a similar pattern to condition 1. The main dif-
ference is that the 0.95 span’s loads of optimized models A 
and B are increased near LE, and are decreased near the TE, 
which will not reduce the total profile loading and helps to main-

 
 
Fig. 15. Velocity curl magnitude plot of blade tip leakage vortex. 

 

 
Fig. 16. Blade loading distribution at different span locations (dotted line: 
baseline, solid line: optimized). 

 



 Journal of Mechanical Science and Technology 37 (1) 2023  DOI 10.1007/s12206-022-1219-y 
 
 

 
187 

tain the blade’s ability to do work. By changing the blade profile 
shapes, the more reasonable blade loading distribution could 
be acquired, contributing to loss reduction and efficiency im-
provement. 

The definition of the fan’s total-to-static efficiency (Eq. (2)) 
means that the efficiency is proportional to the static pressure 
rise Δ tsP  and inversely proportional to the shaft power P . 
Hence, in case of ensuring the constant input shaft power, the 
increase of static pressure rise of the fan will surely improve 
the efficiency. However, the true practice of this paper is that 
the large improvement of the pressure rise dose not bring the 
equivalent improvement of the efficiency, for example, the 1p  
of model A increases by 10.71 % while only 0.21 % increase of 

1η  is gained. So, the increase of static pressure rise must 
have been accompanied by the increase of input power, and 
the relative relationship between pressure rise and power de-
termines the final efficiency improvement. 

 
5. Conclusion 

To further boost the low-pressure axial-flow fan’s aerody-
namic performance under different working conditions, a surro-
gate-based multi-objective optimization on the shape of stack-
ing line and blade section profiles was carried out in this paper. 
After the CFD method validation and the blade shape parame-
terization, the sensitivity analysis of parameters was carried out 
using the MOAT method, and total 16 parameters were pre-
pared for the optimization. A surrogate-assistant optimization 
flow was built, through which the Pareto front of the optimiza-
tion was acquired.  

In the Pareto front, the maximum improvement of the effi-
ciency is 1.26 % for low mass flow working condition and 
5.47 % for high mass flow working condition. The efficiency 
and pressure rise under steady operating conditions also have 
notable improvements, and with the flow coefficient increasing, 
the optimized fans have higher performance improvement. By 
comparing and analyzing three selected pareto optimums, it 
was found that the optimized blades become more rugged and 
tend to make the low-pressure zone distributed along the blade 
leading edge in the meridian view. The changes of the blade 
stacking line and section profiles improved the blade loading at 
the leading edge and blade tip sections and reduced the inten-
sity blade tip leakage vortex. These phenomena indicate that 
the optimized blades have better ability to control the internal 
flow, which proves that the surrogate-based optimization could 
effectively improve the aerodynamic performance of the low-
pressure axial fans. Thus, this paper may provide a good prac-
tical demonstration for multi-objective fine optimization on the 
blade shape of axial flow fans and help to increase the energy 
utilization efficiency and promote green production. 
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Nomenclature------------------------------------------------------------------ 

CFD : Computational fluid dynamics 
DOE : Design of experiment 
LE : Leading edge 
LOO : Leave-one-out 
MOGA : Multi-objective genetic algorithm 
PS : Pressure side 
RBF : Radial basis functions 
RMS : Root mean square 
SS : Suction side 
TE : Trailing edge 
TLV : Tip leakage vortex 

ic  : Chord length of blade section profile 
D  : Blade tip diameter 

tp  : Total pressure 
1tp  : Total pressure at the inlet 
2sp  : Static pressure at the outlet 
vq  : Volume flow rate 

P  : Shaft power 
R  : The R-axis of cylindrical coordinates 
x  : Design parameter vector  
z  : Number of Blades 
Z  : The z-axis of cylindrical coordinates 
φ : Flow coefficient 

iγ  : Stagger angle of blade section profile 
tsη  : Total-to-static efficiency 
θ  : The θ-axis of cylindrical coordinates 
∆ tsp  : Total-to-static pressure rise 
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