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Large axial fans are widely used in industrial refrigeration, building ventilation,
and other scenarios because they have inlet guide vanes (IGVs) and outlet guide
vanes (OGVs) to make their operation economical and efficient. However,
unreasonable guide vane structure is prone to flow separation, forming a tail
vortex and interfering with other blades, thereby resulting in the deterioration of
working conditions and large noise. Taking a large axial fan with both IGVs and
OGVs as the research object, this paper analyzed the structural variables of the
fan by global sensitivity analysis method and determine the target of settings
optimization as IGV according to the analysis results and the internal flow
characteristics of the fan. Furthermore, IGV was parametrically designed, and
Kriging model was established and optimized by the second non-dominated
sorting genetic algorithm (NSGA-II). Eventually, total pressure and sound
pressure level (SPL) were used as targets for multi-objective optimization.
The results indicated that the noise produced by the optimized fan was
reduced by 6.4dB and total pressure was increased by 156.4 Pa, with an
increase of 0.86% in the total pressure efficiency at the rated working
condition, which proved the reliability of the proposed method. This paper
also provides a valuable reference for the optimization of similar fluid
equipment.

KEYWORDS

kriging model, sensitivity analysis, parameterization, multi-objective optimization,
axial fan

1 Introduction

Blades are the core components of large axial fans, which are crucial to the
aerodynamic noise and performance characteristics as well as the safe and stable
operation of the fans (Zhao et al., 2020; Gu et al, 2021). A large nuclear-grade axial
fan with a diameter of 1250 mm was used as the research object of this study. It is generally
used in the ventilation system of nuclear power plants, working at medium pressure, with
Mach <0.3 and Reynolds >4000. At this time, potential dangers in the internal flow field of
the blade is likely to obstruct fluid flow, affect the efficiency of the fan and even damage
motor, which will endanger stable operation and lead to equipment damages or power
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plant shutdown, and thus huge economic losses and adverse
social impact (Zhang et al, 2018; Fakhraei et al, 2021).
Therefore, it is of great urgency to optimize the fan.

Since the fans under study are used in ventilation systems,
huge noise generated during operation would have an impact on
the health of nearby personnel (Zhang C. et al, 2021), so
optimization objective is to simultaneously increase pressure
and reduce noise, which is quite difficult to achieve (Hu and
Lu, 2017; Kromer et al, 2019). And it cannot be achieved by
increasing the size of the fan because of its large size and complex
structure, nor can it be achieved by the traditional methods. In
addition, with the implementation of China’s carbon neutrality
and carbon peaking policies, the energy efficiency ratio of the
equipment is becoming increasingly important (Tanasic et al,
2011; Huang et al,, 2020). In this context, it is vital to find a way to
simultaneously increase pressure and reduce noise without
increasing fan size and power consumption. One of the most
important methods is to optimize the structure of the fan.

The structural optimization of axial flow fans has been
studied by many outstanding scholars. KIM et al. (Kim et al,,
2014) used a weighted average proxy model to optimize the
design with a single objective for five design variables and
performed multi-objective optimization on this basis to
improve efficiency while reducing SPL. CANEPA E et al.
(Canepa et al, 2016) investigated the tip leakage noise
generated by a shrouded rotor of an axial fan and calculated
the acoustic response function of the tested configuration using
the spectral decomposition method. The findings showed that
upstream geometry had a more significant effect on radiated
noise than on performance and that a sharp decline in tip-gap
failed to entirely eliminate relevant noise. ZHANG (Zhang S. G.
etal, 2021) used a single-stage axial fan based on the radial basis
function (RBF) enhanced differential evolutionary (RADE)
algorithm to conduct dual-objective optimization with power
consumption and static pressure efficiency as the design
objectives. The results suggested an increase of 6% in the
static pressure efficiency of the axial fan and a decrease of
7dB in the first blade pass frequency (BPF) noise after
optimization.

Nowadays, approximate models are mostly used for the
optimization of fan structures to reduce computational effort
and improve efficiency. CHOI et al. (Choi et al., 2019) applied the
response surface method (RSM) based on central composite
design for single objective optimization to enhance the
aerodynamic performance at a specified total pressure, and
the optimization results showed an increase in the total
pressure and efficiency of 5.2% and 2.0% respectively. Using
gradient enhanced response surface model (GERSM), TANG
et al. (Tang et al., 2017) optimized the aerodynamic shape of a
transonic fan and gave the geometric characteristics and relevant
details of the optimal design. NISHI et al. (Nishi et al., 2022)
applied a one-dimensional design approach to a very small axial
fan by combining experimental design, response surface method
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(RSM) and optimization method and eventually succeeded in
improving the efficiency of the fan by about 9.1% through
numerical analysis and experiments.

Despite various approximate models have been used for the
structural optimization of fans, most of the studies have clear
objectives, and the studied structures are single-stage blades with
fewer influencing factors (Venturelli and Benini, 2016; Chai et al,
2020; Taghinezhad et al.,, 2021). In addition, sensitivity analysis is
rarely performed. Therefore, based on a preliminary
investigation (Zhou et al., 2022), this paper optimized the
complex structures of large axial fans and analyzed the
responsivity of multiple influencing factors to pressure and
noise by using global sensitivity analysis method and
combining the research results and the internal flow
characteristics of the fans to determine the structure after
verifying the feasibility of numerical simulations. On this
basis, Kriging model with relevant optimization variables and
target response was established and optimized by NSGA-II with
pressure and noise as the target. Finally, the optimization results
were verified by air performance and noise tests. The above
method is also applicable to the optimal design of other fans with
complex structures such as multi-stage blades and similar
machinery, which have certain reference and application value.

2 Numerical simulation analysis and
verification

2.1 Research objects

A large axial fan mainly consists of a fairing, IGVs, moving
vanes, OGVs, and a motor, as shown in Figure 2.
Structural parameters are shown in Table 1.

2.2 Computational model and verification

To facilitate the calculation of the internal component area
and grid division of the fan, the geometric model of the fan was
divided into five components, namely inlet, IGV, rotation, OGV,
and outlet, whose simplified diagram is shown in Figure 3.

Figure 4 shows grid delineation. The important parts
(moving vanes, IGVs, OGVs) were structurally meshed to
improve the mesh quality. The meshes of IGV, rotation and
OGV grids are respectively displayed in Figures 4B-D. The
complete fan grid is shown in Figure 4A. In this case, the first
node was placed in the region of the viscous substratum with
y+ < 5. The Y* empirical formula is expressed as Eq. 1 (Moaveni,
1999):

7

Vref K Lref%
Yan = 6( L) (ZZL) 4 1
=o(5) () 0
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FIGURE 1
Optimization flow chart.
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FIGURE 2
Axial fan structure diagram.
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TABLE 1 Structural parameters of axial flow fan.

Parameter Symbol  Numerical value  unit
Diameter D 1250 mm
IGVs number my 15 pieces
Number of moving Blades Z 14 pieces
OGVs number m, 15 pieces
Rotating speed n 1485 r/min
Flow rate Q 82,400 m’/h
Total pressure (25°C) e 2300 Pa
Noise SPL (25°C) SPL 111.7 dB

Inlet Component | Rotation Component § Outlet Component

IGVs Component | OGVs Component

Cowl IGVs Moving blades OGVs Motor Motor bracket

FIGURE 3
Division of axial fans.

Grid independence was verified after grid division, as
demonstrated in Figure 5. When there were a total number of
about 8 x 10° grids, the total pressure of the fan obtained from
numerical simulation remained unchanged, while its total
pressure efficiency fluctuated by less than 1%, then the
calculation results were believed to be independent of the
number of grid. At this time, there were 8,267,684 grids in
the whole fan component in total.

To verify the accuracy of the computational model, the
aerodynamic performance and noise of the fan was numerically
and experimentally simulated. Then the simulation and
experimental results were compared and analyzed. The pressure
of the fan was simulated on the computational model. The steady-
state calculation was conducted using the multi-reference system
model (MRF). To solve the implicit pressure-based solution, the
standard k-¢ turbulence model was used to solve the three-
dimensional Reynolds-averaged N-S equation, the working fluid
was 25°C air, and the inlet and outlet boundary conditions were set
to Mass-flow-inlet and Pressure-outlet. The SIMPLE algorithm was
employed couple pressure and velocity, with each exponential
parameter of aerodynamic performance being set to second-order
headwind. However, Under-Relaxation factors were set by default.
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The calculation converged when the residual value was less than
1x 107,

According to the requirements of “GB/T 1236-2017 duct
industrial ventilator standardized duct performance test”
(General Administration of Quality Supervision, 2017) for fan
aerodynamic test, a C-type air chamber was adopted. The
schematic diagram of air performance test and field
experimental setup is shown in Figures 6A,B. The
performance of the fan was tested at room temperature and
pressure, air parameters corresponding to various operating
conditions of the axial fan were recorded by a comprehensive
atmospheric pressure, temperature and air humidity tester at the
front of the inlet collector (wind speed was zero), and the opening
and flow rate of the cylinder were regulated by the inlet throttling
device. During the experiments, the inlet throttling device was
adjusted to record the inlet and outlet pressures and the pressure
difference between the Pitot tube and hydrostatic tube under ten
sets of flow conditions.

Figure 6C compares the numerical simulation with
experimental results. It can be seen from the figure that the
simulated values of total pressure and efficiency were basically
consistent with the experimental values. The simulated value of
total pressure was slightly lower than the experimental value, with a
maximum error of less than 5%. There was a small difference
between the simulated and experimental values in terms of
efficiency, with a maximum error of 9.09% at low flow rates and
an error of less than 3% at the remaining positions. Therefore, the
computational model is considered to be highly reliable.

Noise was simulated on the computational model using a large
eddy combined with sound simulation theory. The steady flow field
was firstly calculated and then used as the initial flow field for
calculating the unsteady flow field. The far-field noise of the fan was
determined in the commercial software by calculating the time-
domain integral and area fraction. The time required to rotate the
hub by 1° is represented by the time step At, where At = 1/(6n).
Therefore, in order to accurately obtain the information about near-
field flow field, the time step was set to 0.0001 s in this study.

The sound field was calculated by fast Fourier transform
(FFT) to determine the SPL and noise spectrum. The formula for
solving the time domain for the instantaneous sound pressure p
(Wu Chen and Zhou, 2021) is:

= P 3 e W
L = L7 3)
L = Li# o)
L = pn; 5)
= 7(’6 - : (©)
Xi— Vi

where r is the distance from the sound source to the receiving

«»

. o LA .
point, “” represents the derivative of time, 7; represents the unit
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Grid independence verification.
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vector from the sound source to the receiving point, #; is the wall
normal vector.

According to the noise test standard “GB/T2888-
2008 Fan and Roots Blower Noise Measurement Method”
(General Administration of Quality Supervision, 2008), the
noise receiving point was set at 1,250 mm (diameter) at a
horizontal position of 45° from the center of the outlet
surface. The schematic diagrams of noise monitoring
points and experimental settings are individually shown in
Figures 7A,B.

Figure 7C shows the experimental and numerical simulation
noise results. As can be seen from the figure, the fan was under
extreme conditions at the flow rate of around 70,000 m?®/h, whose
simulated noise value was lower than the experimental one, with
a maximum error of less than 3%. However, the two values
tended to be consistent when the fan was working at the flow rate
of more than 75,000 m*/h. And when the flow rate was close to
the designed one, the average noise values during experiment and
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Field experimental setup
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Comparison of experimental and numerical simulation performance curves

FIGURE 6

Aerodynamic performance test (A) Air performance experimental setup diagram (B) Field experimental setup (C) Comparison of experimental

and numerical simulation performance curves.

simulation were respectively 111.52 dB and 110.88 dB, with a
relative error of <0.57%.

The above analysis demonstrates that the noise of the fan
designed according to the standard of nuclear counting fan
exceeded the requirements, with aerodynamic performance poorer
than the standard, so it needed to be optimized. The fan is a non-
standard design, with many structural components and interactional
influencing factors, so it is of great importance to analyze these factors
to identify the optimal optimization objective.

3 Determination of optimized
structure

3.1 Global sensitivity analysis method and
implementation method

A large number of influencing factors were involved in this

study, and Sobol’ global sensitivity analysis method was selected
because it can quantify the input and output uncertainties as
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probability distributions and attribute the output variance to the
combination between the input variables that fits better with the
problem in this study.

Global sensitivity analysis (Hart and Gremaud, 2018) gives
the relationship between the partial derivatives of the output
concerning the input variables over the entire input variable
space, i.e. f (0) = 9P (0)/00|gce, or a sensitivity indicator used to
indicate the importance of the input variables and to rank the
importance of the input variables, so it is also known as
importance measure analysis.

The global sensitivity metric S; is defined (Cui et al., 2010) as:

_ VIE(F|x)]

Si = 7
V(Ir) Z

1, x € Invalid Domain
Ip (x) = {O,x ¢ Invalid Domain ®)
V(Ip) = E(I;) - E*(Ir) = E(If) - E* (If) 9)

where V (-) is the variance operator, E (I|x;) is the mathematical
expectation of the failure indicator function Ir under the

frontiersin.org


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2022.994654

10.3389/fenrg.2022.994654

Zhou et al.
A Monitoring point
£
%,
2
45°
|
Noise monitoring point settings Noise experimental setup
C
112 T T T
L]

111 | —

g

E 1o 8

)
100 b —=— Experimental value 4

—=o— Simulated value
108 1 1 1 1
60000 70000 80000 90000 100000 110000
Q(m*/h)
Experimental and numerical simulation noise results
FIGURE 7

Noise test (A) Noise monitoring point settings (B) Noise experimental setup (C) Experimental and numerical simulation noise results.
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condition of random variable x;, and I is the failure domain
indicator function.

For some input variable x;, the global sensitivity principal
indicator is:

_ VIEUslx)] _ E(E®(plx))) - E* (E* (Iplx)) _ E(E*(Irlxy) - E (Ir)
V(Ir) E(I}) - E*(Ir) E(Ir) - E*(Ir)

Si

(10)

The fan mainly consisted of IGV, moving vane, OGV, etc.
Therefore, a total of 14 parameters, namely the number of IGV
w;, the number of moving vane w,, the number of OGV ws, hub
ratio wy, IGV and moving vane spacing ws, moving vane and
OGYV spacing wg, blade top clearance w;, IGV bending angle wg,
IGV chord length wy, moving vane bending angle w,y, moving
vane swept angle w;;, OGV bending angle w, OGV chord length
wy3, fan diameter w;4, were analyzed by the Sobol’ global
method. The
specifically displayed in Figure 8 and the schematic diagram

sensitivity analysis analysis procedure is
of structural parameters is shown in Figure 9.

The global sensitivity values of each parameter to the total
pressure and noise of the fan were obtained, as illustrated in
Figure 10. In general, the influence of parameters such as IGV
bend angle wg, IGV and moving vane spacing ws, and IGV chord
length wy was greater, among which moving vane bend angle w;,
and IGV bend angle wg had the highest total global sensitivity
values to pressure, which were 31.214% and 30.113%,
respectively, and IGV bend angle wg and IGV and moving
vane spacing ws had the highest total global sensitivity values
to noise, which were 33.124% and 30.145%, respectively.

According to the above analysis, IGV and moving vane had a
large impact while OGV had a relatively small impact on the
aerodynamic performance and noise. The internal flow

70 1 [| Noise Sensitivity
[__|Total Pressure Sensitivity

Global Sensitivity Values(%o)
= = & 2 2

—
>
L

FIGURE 10
Summary of global sensitivity.

5 6 7 8 9 10 11 12 13 14

Frontiers in Energy Research

08

10.3389/fenrg.2022.994654

OGVs

Moving blades

Planel ¥
Plane2(0.5Span)

FIGURE 11
Schematic diagram of the internal structure of the fan.

characteristics of the fan will be analyzed as follows to further
clarify the optimization objective.

3.2 Analysis of the internal flow
characteristics of the fan

The radial section of the hub with blade flow surface R = 280 mm
(0.5 times the blade height, Planel) was selected to study the internal
flow characteristics of the fan, and a vertical section was made over the
center of the fan circle (as shown in Plane 2). Figure 11 shows the
schematic diagram of the radial section of the hub.

Figure 12 shows the velocity vector distribution on Plane
1. As shown in the figure, there was an obvious vortex in the
IGV area, which was located between the IGVs. The vortex
was mainly concentrated on the pressure surface of the IGV,
which was attributable to the blade shape of the guide vane.
At the same time, there was a low-speed region in the reflux
area, while a high-speed region on the suction surface of the
moving blade, which resulted in flow disorder in the
dynamic-static coupling zone between the IGV and the
moving vane.

As a part of the fan, IGV deflected the air flow before entering
the hub, increased the flow rate and pressure drop. It was hence an
important part of a large axial flow fan. The above analysis also
indicates that the structural design of the IGV was not rational and
had a significant impact on the performance and noise of the fan, so
IGV was identified as the optimization objective of this study.

4 Kriging multi-objective
optimization
4.1 Parameterization

The IGV of axial fan is composed of blades with the same
thickness. Its shape is formed by thickening and lofting the
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FIGURE 12
The velocity vector distribution on plane 1.
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FIGURE 13
The structure parameters of IGVs.

midline of the blade profile, and the midline is determined by
controlling the arc length of a circle with radius R.

The parameters of the IGV are shown in Figure 13. The IGV
midline was determined by chord length o, angle «
corresponding to the chord, tip deflection angle was defined
as f3, and the axial distance from the nearest point of the IGV
midline to the leading edge of the moving vane as 0;,. These four
parameters were optimized in this study.

A single circular arc blade is generally adopted in the
nuclear power fans. The new IGV midline can be obtained by
controlling parameter change and characterizing profile
change. Under the premise of ensuring the smooth
curvature of the blade, the variable range of each
parameter is determined as follows: ¢,: 234-350 mm, a:
44-68°, 3: 58-86", op,: 208-312 mm.
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4.2 Kriging model and optimization

Kriging model is an unbiased estimator with minimum
variance. The design variables x; € X = [x1,%2, -+ xn]] and
response values y; €Y = [y1, y2, yn]T were assumed to
The
estimation y* of the random inputs x; corresponding to y is

follow a standard normal distribution. unbiased

shown as:
Y= Btz 1=1,24 (11)
B.= (F'R'F)'F'R'Y (12)
* _ 2] (X) _ p-1 _
S R -FR) (13)

where flx) is a vector of regression function consisting of
polynomials, [ is the dimension of the corresponding values,
and f.; is the corresponding regression coefficient. z(x) is a
random variable with variance 0%, which means that the value is
zero. y* is the local correlation coefficient, r(x) is a vector
describing the local correlation, R is the correlation matrix
between the random variables, and F is the sample matrix.

To establish the Kriging model, samples should be obtained
through experimental design. The optimal Latin hypercube
experiment design (Opt LHD) is generally adopted to
overcome the deficiencies of random sample space selection
and sample concentration in Latin hypercube method. And its
formula is expressed as:

N N
G =22

= -

1

(14)

As shown in Figure 14, the optimal Latin overshoot method
was used to establish 55 groups of spatial samples for the
variation range of design parameters, among which the first
50 groups were used as samples to draw IGV profiles, of which
the first 50 groups were used as samples to draw the IGV profiles.
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Schematic diagram of the spatial distribution of samples.

It can be seen from the figure that the resulting samples were
evenly distributed and well filled in space.

This study involves a typical multi-objective optimization
problem. In order to seek the optimal solution and reduce the
computational time while ensuring accuracy, the model was
optimized by NSGA-II based on the fast non-dominated
sorting method to reduce the computational amount while
retaining excellent individuals, and the elite strategy was
introduced to ensure the accuracy of the optimization results.
In addition, crowding degree and crowding degree comparison
operator are used to overcome the defects of NSGA that need to
manually specify the sharing parameters while ensuring
population diversity.

The IGV chord length ¢,, rounding angle a, tip deflection
angle f3, and the shortest axial distance o}, between the IGV and
the moving vane were taken as design variables, and the total
pressure and noise of the fan as the optimization objectives. The
corresponding mathematical model is:

Max (P (0, B, ap))
Min(SPL(04 o, 3, )
234<0,<350
44<a<68
57<<86
208 <oy, <312

st. (15)

The constraint is:

{ Q = 82400 (16)

SPL<111.7

MSE= L7 (v)n) (17)
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M=

()’i—j’i)z
RR=1-2% (18)

(yi-p)’

T

Figures 15, 16 are the fitting results of Kriging model and
the mean square error (MSE) of fitting design variables with
the optimized target total pressure and SPL, respectively. The
MSE value was calculated according to the mean squared
error MSE formula (Eq. 17) and the linear regression
coefficient was determined by R*> formula (Eq. 18), and it
can be seen from the figures that the MSE value of noise was
less than 0.1 and that of pressure was less than 0.15, verifying
that the accuracy of the established Kriging model met the
requirements.

The constructed Kriging model was solved by NSGA-II with
the overall number being set to 100, the mutation probability to
0.01, the crossover probability to 0.8, and the number of
iterations to 400. The Pareto-front is shown in Figure 17, and
the optimal solutions are listed in Table 2.

To verify the accuracy of the model optimization results, the
obtained optimization results were brought into the model to
recalculate the MSE, as shown in Table 3. As can be seen from the
table, MSE was reduced significantly, indicating that the mean
and variance of the obtained results were reduced to meet the
design requirements and complete multi-objective optimization.

4.3 Optimization result and model

Figure 18 shows the settings optimization of IGV. The chord
length g, of the IGV was increased by 55 mm, the corresponding
circular angle a by 5°, the nearest distance oy, from the IGV to the
moving vane by 48 mm, and its angle with the y-axis by 3°. The
physical models are compared in Figure 19.

5 Comparison before and after
optimization

5.1 Simulation result before and after
optimization

To study the internal flow characteristics of the optimized
fan, three planes were intercepted in the hub radial direction
along the blade height located at R = 150 mm (10% blade height),
R = 280 mm (50% blade height) and R = 430 mm (90% blade
height) in the hub radial direction. The rotary surface is shown in
Figure 20.

Figure 21 shows the streamlines at the blade heights of 0.1,
0.5, and 0.9 of IGV obtained by numerical simulation before and
after optimization. It can be seen from the figure that vortices
were more evident at the blade heights of 0.1, 0.5 and 0.9 and
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were only present at the blade height of 0.1. After optimization,
the vortex disappeared on the IGV and OGV at each blade
height, but still accompanied by a low-speed region. Based on the
results of the simulated internal flow field, the optimization effect
was satisfactory and the proposed method was reliable to some
extent.

The static pressure distributions at the blade heights of 0.1,
0.5 and 0.9 of IGV obtained by numerical simulation are shown

Frontiers in Energy Research 11

in Figure 22. G, is the pressure coefficient. Eq. 13 gives the C,
empirical formula (Clancy, 1975):

P~ P

C, =
TN

19)

where p is the static pressure at the point of the required pressure
coefficient, p,, is the static pressure away from any disturbance,
Poo is the fluid density, V,, is the fluid velocity.
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TABLE 2 Comparison of parameters before and after optimization.

0, (mm) a () B O oy (mm)
Original 292 56 72 260
Optimization 298 61 76 310
TABLE 3 MSE before and after optimization.
MSE
Original SPL 0.043479
p 0.089457
Optimization SPL 0.023542
p 0.033764
A OGVs Moving blades IGVs B
— / .
/
— (/
L 310
/. '
— (/ —
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T Rotation direction
Relative position
FIGURE 18

Flow
-—

10.3389/fenrg.2022.994654

It can be seen that from Figure 22 the pressure coefficients of
each blade height of the original IGV showed the same trend, but
the pressure gradients were larger, and the separation points were
all located before 0.2. In the interval of 0-0.2, the pressure surface
C, dropped from about 0.52 to about 0.18, indicating the possible
After
increased,

presence of shedding vortices in such interval

optimization, pressure coefficient amplitude
pressure gradient decreases, and the separation point was
shifted back, suggesting that the pressure on the IGV surface
changed more smoothly and the shedding vortex was reduced,
which further reduced noise caused by the pressure fluctuation
on the IGV surface. In addition, the optimized airflow kinetic
energy decreased, the pressure of the fan increased, and the
aerodynamic performance and efficiency were subsequently
improved.

The numerical simulation results before and after optimization
are shown in Figure 23. From Figure 23A, it can be found that the
total pressure and efficiency at all flow rates were improved after
optimization. At the flow rate of >70,000 m*/h, the total pressure
increased more significantly by about 140.97 Pa at the design
working condition, and at the flow rate of <85,000 m’/h, the
efficiency of the fan at the design working condition was more
obviously improved by about 2.06%. Moreover, the noise of the
optimized fan at all flow rates at the at the design working condition

was significantly reduced by about 3.08 dB.

5.2 Experimental result before and after
optimization

The aerodynamic performance of the axial flow fan was
tested based on the provisions and requirements of the “GB/T
1236-2017 standardized air duct performance test for industrial
ventilators on air ducts”. The settings diagrams of air
performance test and field experiment have been mentioned
in Section 2.2.

The aerodynamic performance curve of the fan before and
after optimization is shown in Figure 24. It can be seen from the

Before and after IGV settings optimization

Settings optimization model structure (A) Relative position (B) Before and after IGV settings optimization.
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figure that the fan had the same trend in terms of aerodynamic
performance before and after optimization, but the total
pressure and total pressure efficiency of the optimized fan
under various working conditions were much higher. The
total pressure, static pressure and efficiency of the fan was
respectively increased by 220.3 Pa, 257.8 Pa and 4.2% at most
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after optimization. At the design operating point (82,400 m*/h),
the total pressure of the fan was increased by about 156.4 Pa, the
static pressure by 231.2 Pa, and the efficiency by about 0.86%.
The increase in total and static pressure enabled the fan to
overcome greater resistance, and the increase in efficiency
reduced motor power and saved energy.
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Referring to the noise test standard “GB/T 2888-2008 fan and
T T T T T T 80 roots fan noise measurement method”, noise receiving points

3000 |- were set at 45° from the center of the outlet surface, one time that

of the diameter (1250 mm) at a horizontal position, and the noise

2500 | Jeo .

of the optimized fan was also tested.

2000 | The SPL at the far-field noise receiving point of the original and
= < optimized fans at the frequency of 0-5500 Hz were compared, as
n‘é’. 1500 |- . . 1 = shown in Figure 25. Before and after optimization, the SPL spectrum

—=— Optimized efficiency . .
Originial efficicacy distribution peaked at the motor operating frequency (14 Hz),

1000 |- —— Optimized total pressure , fundamental frequency (302 Hz) and double fundamental frequency

e 420
Original total pressure (604 Hz), and gradually decreased, which was the noise of the fan was
500 | —e— Optimized static pressure . .
—e— Original static pressure converted from discrete to turbulent in such frequency range. And
5 ) ) ) ) ) ) " discrete noise in the fan contributed less to the far-field noise than
40000 50000 60000 70000 80000 50000 100000 110000 turbulent broadband noise. After optimization, the peak value of the
Q(m*/h) fundamental frequency dropped from 111.7 dB to 105.3 dB.

FIGURE 24 The noise values of the original and optimized IGV structures

Comparison of aerodynamic performance curves of fans under different operating conditions are presented in Table 4. It can

before and after optimization be found from the table that noise was significantly reduced under

different operating conditions. The SPL of the optimized fan
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FIGURE 25

Comparison of noise spectrum before and after optimization of large axial fan (A) Original (B) Optimization.

TABLE 4 Noise values under different working conditions in the test.

Working condition

Volume flow

(m3/h)

Original SPL (dB)

Optimized SPL (dB)

Optimization values (dB)

1 63,874 110.8 105.3 55
2 69,141 110.9 105.2 5.7
3 73,969 111.3 105.3 6.0
4 80,568 111.3 105.2 6.1
5 84,489 111.7 105.3 6.4
6 90,957 111.5 105.3 6.2
7 94,960 111.6 105.5 6.1
8 100,659 111.6 105.4 6.2
9 107,056 111.7 105.6 6.1
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operating at the low flow rate was reduced by 5.5 dB. With the
increase of air volume, the SPL gradually decreased, and when the air
volume exceeded 70,000 m*/h, the SPL of the fan gradually stabilized.
At the design working point, the SPL of the fan was reduced by about
6.4 dB, indicating satisfactory optimization effect, which confirmed
the reliability of the optimization method.

6 Conclusion

This study performed multi-objective optimization on an
IGV for a large axial fan based on NSGA-II, and verified its
feasibility and effectiveness through experiments and numerical
simulations. The main conclusions of this work are as follows.

1) Using Sobol’ global sensitivity analysis method, IGV bending
angle and moving blade bending angle have the maximum
sensitivity to the total pressure of the fan, and the distance
between the IGV and the moving blade has the maximum
sensitivity to noise. According to the analysis on the internal
flow characteristics of the fan, there is obvious vortex between
IGVs and the vortex is mainly concentrated on the pressure
surface of IGVs.

2) The IGV pressure distribution before and after optimization
was analyzed by numerical simulation. The results indicate
that the static pressure gradient of the fan after optimization
changed more smoothly and the shedding vortices were

confirm that the

performance of the fan under various working conditions

reduced. The experimental results

is improved after optimization, and the total pressure is
increased by about 156.4Pa and the total pressure
efficiency by about 0.85% while noise is reduced by 6.4 dB.

3) In this study, the NSGA-II optimized Kriging model was
applied to the multi-objective optimized design of a large
axial fan IGV. The feasibility of the method was verified
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Nomenclature
Variables

D Diameter (mm)

E Mathematical expectation

F Sample matrix

I Failure indicator function
m; Number of IGVs

m, Number of OGVs

n Rotaing speed(r/min)

Py Total pressure(Pa)

Q The fan volume flow(m?/h)
r Vector of local correlations
R® Linear regression coefficient of determination
S; Global Sensitivity Indicator
V (-) Variance Operator

x; Random Variable

y+ A dimensionless parameter
1 Response

Z Number of moving blade

z; Random variables
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Greek letters

« Central angle

B Guide vane tip deflection angle

B.1 Regression coefficients

p* Local correlation coefficient

g, The chord length of the guide blade(mm)

0, The distance between moving blade and IGVs (mm)
o Variance

w; Structure parameters

Abbreviations

CFD Computational Fluid Dynamics

FW-H Ffowcs Williams and Hawkings

GERSM Gradient-Enhanced Response Surface Model
IGV Inlet guide blade

MSE Mean Square Error

NSGA-II Non-dominated Sorting Genetic Algorithm-II
OGV Outlet Guide Blade

Opt LHD Optimal Latin hypercube design

SPL SPL (dB)
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