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Abstract  The shape of the blade stacking line greatly influences the low-pressure axial-
flow fan’s operational efficiency, but there is still no fast and effective way to determine the 
stacking line’s optimal shape. This paper presents an automatic optimization design procedure 
for the blade stacking line in the low-pressure axial-flow fan based on the FINE/Design3D™ 
platform. The procedure combines computational fluid dynamics (CFD), surrogate model
method, and genetic algorithm (GA) to execute a secondary optimization on a composite 
skewed-swept rotor-only axial fan blade. The results show that the static efficiency and the 
static pressure rise of the optimized fan respectively increase by 3.76 % and 5.82 % without 
stall margin decrease. The blade shape variation in skew and sweep direction reduces the tip
leakage flow loss, improves the blade loading distribution, and contributes to the efficiency in-
crement. This research provides a useful reference for the blade stacking line’s automatic opti-
mization for the axial-flow fan.  

 
1. Introduction   

As one of the essential industrial primary devices, low-pressure axial-flow fans are widely 
used in HVAC, cooling, ventilation, transportation, and other fields [1]. With improved social 
awareness on green energy conservation and cost-saving, axial-flow fans' design and optimi-
zation with high standards and strict requirements are critical [2]. Among the measures to im-
prove the internal flow state and performance of the fan, the skewed-swept forming of blade 
stacking line has an important influence on the flow condition in blade channel [3], which leads 
to a widely studying and applying in the design and optimization of turbomachinery. 

In a series of studies on the shape of the T35 low-pressure axial-flow fan impeller, Ouy-
anghua et al. [4] pointed out that the blade stacking line’s circumferential skew can control the 
migration of tip leakage, improve the flow state in the tip area, and reduce tip leakage loss. In 
an optimization research of agriculture axial fan blade shape, Ding [5] found that the swept 
blade shape could alter the static pressure distribution on the blade surface and reduce the tip 
leakage flow. In particular, for transonic blades [6], a forward sweep blade cascade can de-
crease the load on the leading-edge (LE), while a backward sweep blade cascade can reduce 
the load on the trailing-edge (TE). However, there is still no consensus about the coupling ef-
fect of the composite skewed-swept blade stacking line on blade performance [7]. Besides, we 
still need to find a simple method to obtain the blade stacking line’s optimal shape, matching 
with other shape parameters such as blade profile, installation angle, and chord length by 
changing the skew and the sweep of the blade. 

With the rapid development of computer technology, the numerical optimization method 
combined with the computational fluid dynamics (CFD) technology has become an essential 
tool for the optimization design of turbomachinery, and it is widely used in the optimization de-
sign of turbomachinery, such as turbine [8, 9], compressor [10, 11] and pump [12, 13]. There-
fore, this paper used the surrogate-assistant optimization technology and genetic algorithm to 
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carry out the secondary optimization on a composite skewed-
swept low-pressure axial-flow fan blade to explore the charac-
teristics of the optimal stacking line shape. All work is finished 
on the Fine/Desigin3D™ rapid optimization design platform. 

 
2. Simulation method  

The baseline model is a rotor-only low-pressure axial fan 
USI7 designed based on blade element theory at the University 
of Siegen [14]. Its geometric model and test performance data 
were published by Carolus [15] in 2015. Fifteen NACA airfoils 
are stacked in the radial direction to form the blade, which has 
a skewed-swept shape considering noise reduction. The main 
design parameters and the geometric model are shown in Ta-
ble 1 and Fig. 1. 

The computational domain extends one diameter plane up-
stream and two diameter plane downstream from the impeller 
[16], as shown in Fig. 2. Only one blade channel is modeled in 
viewed of circumferential symmetry. The AutoGrid5™ is used 
to mesh the structured grid, and an O-type grid topology is 
applied near the blade region to improve the grid quality, as 
shown in Fig. 3. A low Reynolds number model k-ω SST [17] is 
selected to solve the steady-state RANS equation. Thus, the y+, 
which close to solid walls, is defined as 1. The boundary condi-
tions are set as follows: a mass flow rate boundary condition 
and a static pressure boundary condition are applied to inlet 
and outlet, respectively; no sliding wall boundary condition is 
adopted for solid walls, and the hub and blade rotate at a 
speed of 3000 rpm while the shroud remains stationary. The 
convergence criteria of the simulation is global residual < 1e-6. 

Several grid sets are selected for simulation analysis to 
eliminate the numerical error introduced by grid density differ-
ence. Fig. 4 shows the variation of fan total-static pressure rise 

and total-static efficiency vs. the number of grid nodes, which is 
finally determined to be 4.38×106 considering the calculation 
cost and validity. 

According to the above simulation conditions and mesh set-
tings, the fan performance under different flow conditions is 

Table 1. Main design parameters of the USI7. 
 

Parameters Value 

Design flow rate vq [m3/s] 0.65  

Rotational speed n [rev/min] 3000  

Number of blades Z [-] 5 
Hub diameter HD [mm] 135  

Shroud diameter SD [mm] 300  

Tip clearance [mm] 3 

 

 
 
Fig. 1. The geometric model of USI7. 

 

 
Fig. 2. Computational domain. 

 

 
Fig. 3. Meshing grid details of USI7. 
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Fig. 4. Verification of mesh independence. 
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simulated and compared with the published test data [15], 
which can be seen in Fig. 5. Eqs. (1)-(3) present the definitions 
of total-static pressure rise, total-static efficiency, and axial fan 
flow coefficient, where 2sp is the static pressure at the outlet, 

1tp  is the total pressure at the inlet, vq is the volume flow rate, 
ShaftP  is the shaft power，and D is the blade tip diameter. Un-

der the design operating condition (φ = 0.195), the simulation 
results are highly consistent with the fan's real performance, 
proving that the CFD simulation results can be used as the 
basis for the blade shape optimization and improvement. 

 
2sts 1tΔ = −p p p  (1) 

v ts
ts

Shaft

= Δq
P
pη  (2) 

v
2 3

4= q
D n

ϕ
π

. (3) 

 
3. Optimization flow 

To increase optimization efficiency, a surrogate-assistant au-
tomatic stacking line optimization flow is built based on the 
FINE/Design3D™ platform, Fig. 6. The CFD simulation proc-
ess has been introduced in the upper section, and the rest 
parts of the optimization flow are described below. 

In order to facilitate blade geometric modeling and pa-
rametrization, we adopt the blade sweep and skew definitions 
in references [18-20]. In the first place, the stacking line is cir-
cular and planar projected onto the meridional plane and the 
axial plane, respectively. The circular lean of the stacking line 
on the axial plane is defined as skew, and the axial lean of the 
stacking line on the meridional plane is defined as sweep, as 
shown in Fig. 7.  

A third-order Bézier curve [21] is applied to fit the skew fea-
ture and sweep feature of the stacking line, considering its 
good graphics intuition and continuity, and four control points 
P0, P1, P2, and P3 are obtained on each plane. The end con-
trol point P0 is fixed on the hub as the anchor point, through 
which a radial line is made and set as the reference line for the 
stacking line. Finally, the remaining three control points are 
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Fig. 5. Comparison of simulation results and experiment results. 

 

 
 
Fig. 6. Axial fan stacking-line optimization flow chart. 

 

 
(a) 

 

 
(b) 

 
Fig. 7. Parametric definition of the skewed-swept stacking line based on the 
Bézier curve: (a) skew in the axial plane; (b) sweep in the meridian plane. 
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uniformly distributed along the radial direction, and the dis-
tances between the control points and the radial reference line 
are defined as the design parameters, namely (L1, L2, L3) for 
the skew and (S1, S2, S3) for the sweep. The corresponding 
initial values and the upper and lower limits of design variables 
are listed in Table 2. Meanwhile, the axial fan's total-static effi-
ciency under the design condition is selected as the objective 
function considering the research target and computational 
expense. To maintain the stall margin of the fan, the total-static 
pressure rise near the stall point (φ = 0.169) is selected as a 
constrain, which is handled by the constraint tournament selec-
tion method [22] during the optimization. 

Next, two sampling steps are taken to build the surrogate 
model, which is used to fit the system input and response rela-
tionship. First, the latinized centroidal Voronoi tessellations 
(LCVT) method [23] is used to draw 100 samples within six 
design variables to form the initial dataset. The LCVT can ef-
fectively produce a highly uniform distribution of sample points 
over the parameter spaces. The CFD method is applied to 
simulate each sample point to acquire the corresponding re-
sponse. Furthermore, the relationships between every stacking 
line design parameter and the objective & constrain function 
are fitted by the tuned radial basis functions (TunedRBF) 
method [24], which does not need to prescribe the type of ba-
sis function and hyper-parameter values compared to the clas-
sical RBF model. In the training process, the radial basis func-
tions of the TunedRBF are selected between Gaussian and 
multiquadric, and the hyper-parameter values are adjusted 
automatically, utilizing the heuristic based on the correlation 
coefficient of the model [25], which is calculated by Leave-One-
Out method [26]. Second, another 53 samples are drawn using 
an adaptive DOE technique, which iteratively refines the sam-
ple dataset where the model response exhibits its maximum of 
error, with the error indicator based on the cross-validation 
LOO procedure. 

Finally, the genetic algorithm (GA) is utilized to search the 
surrogate model’s optimum, while the population size, the 
number of generations, and the GA’s mutation probability are 
set as 400, 100, and 0.01, respectively. After getting the cur-
rent surrogate model's optimum, a CFD computation for the 
optimum sample point is carried out to verify whether the stop 
criteria are satisfied. If the condition of convergence is fulfilled, 
the optimization loop is over. Otherwise, the sample has to be 

added to the initial data set to reconstruct the surrogate model. 
The GA searching process repeats until the optimum is ac-
quired. To avoid the optimal search gets stuck at a local opti-
mum, a multi-point infill criteria named feasibility strategy [27-
29] is adopted for this constrained optimization problem. During 
the GA process on the surrogate model, 10 individuals of high 
feasibility are stored and updated at each generation and outer 
design iteration. Then, 2 points are chosen among all the 
stored points according to the global objective and the distance 
to existing points, and added to the database along the “best” 
point found by the optimization on the surrogate model.  

The optimization calculation is executed on a high-
performance computing platform, whose CPU is Intel Xeon E5 
2680 v4 with 2.4 GHz clock frequency. It takes 135 hours on 
128 processors to finish the entire optimization process, during 
which 410 samples are simulated by CFD. As shown in Fig. 8, 
the sampling stage totally generates 153 samples and the op-
timization stage generates 257 samples. The optimum is 
achieved at the 252th iteration. The global correlation coefficient 

Table 2. Initial values and upper and lower limits of the design variables. 
 

Design  
variables 

Lower  
limits 

Values of  
reference model 

Upper  
limits 

S1 -0.3 -0.0673 0.1 

S2 -0.2 -0.0304 0.3 
S3 -0.1 0.0784 0.4 

L1 -0.3 -0.1418 0.1 

L2 -0.2 -0.0637 0.6 
L3 -0.1 0.1414 0.3 

 

 
Fig. 8. Samples history during the optimization. 

 
 

 
 
Fig. 9. Global correlation coefficient of ηts (0.987) and ps (0.926) based on 
LOO cross-validation analysis. 
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of the objective function and the constraint function are ana-
lyzed by LOO cross-validation method after the optimization, 
as shown in Fig. 9 that the correlation coefficient is 0.987 for ηts 

and 0.926 for ps, which means that the TunedRBF is of high 
accuracy and the optimization results are credible. 

 
3.1 Results 

After the optimization, the status of the design variables is 
{S1 = 0.0238, S2 = 0.1000, S3 = 0.1868, L1 = -0.1407, L2 = 
0.1700, L3 = 0.1890}. We compared the variation of blade 
shape and the stacking line with the baseline, as shown in Fig. 
10. The skew feature in Fig. 10(c) becomes from the back-
ward-forward skew to the slightly-backward and forward-
straight skew, and the shape of the stacking line becomes from 
the “C” to the retrography “S”. While, the sweep feature in Fig. 
10(d) becomes from the backward-forward sweep to the pure 
forward sweep. 

Table 3 lists the performance comparison between the base-

line and the optimized axial fan under the design condition 
( ϕ = 0.195). The static efficiency of the optimized impeller 
increases by 3.76 %, while the static pressure of the optimized 
impeller increases by 5.82 %. The operation performance of 
the fan under stable working conditions is simulated to com-
prehensively display the optimization effects. The results are 
presented in Fig. 11. The overall static efficiency and static 
pressure of the optimized fan are significantly improved com-
pared with the baseline. Due to the pressure rise constrain 
near the stall point, the fan stability margin has been retained. 

To compare the noise performance variation of the fan be-
fore and after the optimization, the aero-acoustic simulations 
are carried out using the CFX and Actran software [30]. The 
sound pressure level is monitored at the upstream location. 
The maximum noise value for the baseline and the optimized 
are 54.03 dB and 53.52 dB, respectively, which means the 
optimized fan is 0.51 dB quieter than the baseline. 

To explore the influence of design variables on the objective 
and constrain function, the global sensitivities are evaluated by 

Table 3. The performance parameters of the baseline and the optimized 
fan under design condition. 
 

Parameters Baseline 
impeller 

Optimized 
impeller Improvement

Total-static efficiency 
ts η [-] 0.464 0.482 3.76 % 

Total-static pressure rise 
tspΔ [Pa] 155.3 164.3 5.82 % 

 
 

 
                     (a)                             (b) 
 

    (c)                                (d) 
 
Fig. 10. Comparison of geometry and stacking line between the baseline 
and the optimized: (a) the optimized fan geometry; (b) the baseline fan 
geometry; (c) the axial plane; (d) the meridional plane. 
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Fig. 11. Aerodynamic performance curves of the baseline and the opti-
mized fan. 
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Fig. 12. The sensitivity of the objective and constrain function to design 
variables. 
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the sobol′ method [31] based on the TunedRBFN model. Fig. 
12 presents the impact index of different parameters on the 
response functions. For the objective function, the influence of 
other-order takes up as high as 66.6 %, which means the in-
teraction among design parameters has a conclusive influence 
on the improvement of static efficiency. For the constrain func-
tion, the L3 (tip skew) and other-order have the greatest influ-
ences on the stall margin. In general, during the optimization, 
interaction among design parameters is very important, and the 
tip skew should be paid more attention. 

 
4. Discussion  

To explore the influence of blade tip skew angle changing on 
the fan’s flow condition, tip leakage vortex’s structure and 
strength are compared between the optimized and the baseline. 
As shown in Fig. 13, the tip leakage vortex structure is identi-
fied by the Q criterion [32], and the tip leakage vortex strength 
is identified by the Y-component of the velocity curl contour. 
The tip leakage vortex's optimized structure is similar to the 
baseline, but the secondary vortex intensity is reduced, which 
means tip leakage loss is reduced, and static efficiency is im-
proved. The vortex core trajectory and the vorticity of the tip 
leakage vortex is plotted based on the method in Ref. [33]. As 
shown in Fig. 14, the X-axis is defined as the distance between 
the tip vortex core and the blade tip leading edge point. In the 

middle area of the optimized blade passage, the magnitude of 
vorticity at vortex core is smaller than the baseline, and the 
radial height of the vortex core in the downstream area is sig-
nificantly lower than the baseline, indicating a rapid dissipation 
of the vortex. This process weakens the influence on subse-
quent flows and contributes to the improvement of fan effi-
ciency. 

Fig. 15 shows the distribution of circumferential averaged ax-
ial velocity and total pressure along the outlet’s spanwise direc-
tion. In span range 0.05-0.5 and 0.65-0.95, the average axial 
velocity and average pressure are both increased, indicating 
the work ability of the fan is enhanced, which is conducive to 
improving the static efficiency. 

To further demonstrate the influence of stacking line changes 
on the blade's work capacity, the static pressure difference 
between the pressure surface and the suction surface is de-
fined as the blade load. Fig. 16 shows the distribution of blade 
surface static pressure and blade load at the different spanwise 
locations. In an area of 0-0.8 span, the static pressure on the 
pressure surface of the optimized blade remains unchanged, 
but the decrease of the static pressure on the suction surface 
leads to increased blade load, which means an increasement 
in the ability of doing work. The static pressure near pressure 
side leading-edge goes up in 0.85 and 0.9 span, while there 
are regional differences in the static pressure on the suction 
surface. As shown in Figs. 16(e) and (f), in the suction surface 
area, the static pressure near leading-edge starts to decrease 
at about 0.9 span, while the static pressure near trailing-edge 
starts to increase at about 0.95 span. This means the load near 
the blade leading edge decreases and near the blade trailing 
edge increases. The main reason for the different load distribu-
tion is that the degree of forward-skew and forward-sweep at 
the tip area of the optimized blade stacking line has increased, 
leading to a change of tip leakage vortex strength, and affect-
ing the blade load distribution. 

                  (a)                             (b) 
 
Fig. 13. The y-component contour of the vorticity and the tip leakage vor-
tex(Q = 5e6) at the blade tip region: (a) baseline; (b) optimized. 
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Fig. 14. Radial height and vorticity of the vortex core trajectory. 
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5. Conclusions 
Based on the FINE/Design3D™ platform, this paper system-

atically proposed an automatic design and optimization method 
for the shape of the blade stacking line, whose objective func-
tion is static efficiency. Furthermore, in combination with CFD 
technology, surrogate model, and numerical optimization 
method, as well as a Bézier curve for the use of stacking line 
parameterization, this method obtained good optimization re-
sults, which provides a useful reference for the design of blade 
stacking line of a low-pressure axial-flow fan. 

1) By using the automatic optimization design method to op-
timize the existing fan, the new shape of the stacking line 
changed significantly in the skew and sweep direction: The 
skew feature becomes from the backward-forward skew to the 
slightly-backward and forward-straight skew, and the shape of 
the stacking line becomes from the “C” to the retrography “S”. 
While, the sweep feature becomes from the backward-forward 
sweep to the pure forward sweep. The forward degree of the 
skew and sweep are both enhanced than the baseline, which 
resulted in the increase of the load of the upper blade height 
area and the improvement of the work capacity. Under the 
design condition, the optimized fan's static efficiency and static 
pressure increased by 3.76 % and 5.82 %, respectively. In 
stable operating conditions, the static pressure rise and static 
efficiency are significantly improved as well. 

2) We analyze the influence of blade tip skew characteristics 
on the flow state inside the fan for its more significant influence 
on the static efficiency. The results show that: in a region 
smaller than 0.8 span, the static pressure decreases on the 
suction surface, and the average axial velocity and average 
pressure at the outlet increase within a range smaller than 0.5 

span and greater than 0.65 span, indicating that flow near the 
tip and corner area of the blade is improved, and the power 
capacity is promoted. Moreover, the tip leakage loss is reduced, 
and static efficiency is improved after the optimization. 

Prospect: This paper only optimizes a single efficiency target, 
but the shape of a stacking line also significantly impacts noise 
performance. Though the optimized fan slightly improves the 
noise performance of the baseline in this study, it is still hoped 
that the multi-objective collaborative optimization of efficiency 
and noise can be considered in future studies. 
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Nomenclature----------------------------------------------------------------------------------- 

CFD : Computational fluid dynamics 
DoE : Design of experiments 
GA : Genetic algorithm  
LCVT : Latinized centroidal voronoi tessellations 
LE : Leading-edge 
RBF : Radial basis functions 
TE : Trailing-edge 
n : Rotational speed 

1tp  : Total pressure at the inlet 
2sp  : Static pressure at the outlet 
tp  : Total pressure 

ts∆p  : Total to static pressure rise 

 
 
Fig. 16. Static pressure distribution at different spans (Dash line: Baseline, Line: Optimized, Red: Suction side, Blue: Pressure side). 
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vq  : Volume flow rate 
zv  : Axial velocity 

D : Blade tip diameter 
HD  : Hub diameter 
SD  : Shroud diameter 
ShaftP  : Shaft power 

Z : Number of blades 
tsη  : Total to static efficiency 

φ : Flow coefficient 
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