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Abstract: The multi-blade centrifugal fan is commonly used in modern building ventilation and
air-conditioning system. However, it does not readily satisfy the increasing demand for energy
saving, high efficiency or noise reduction. Its performance is inherently limited by the geometrical
structure of single circular arc blades. Q35-type multi-blade centrifugal fan studied as an example by
combining the disturbance CST function to parameterize the blades. The optimization parameter
change range is confirmed, and test samples are extracted before establishing an RBF proxy model.
The NSGA-II algorithm is incorporated, and multi-objective optimization is performed with flow
rate and total pressure efficiency as optimization goals. The results show that the fan performance is
effectively improved. At the design working point, the air volume of the multi-blade centrifugal fan
increases by 1.4 m3/min; at the same time, the total pressure efficiency increases by 3.1%, and the
noise is reduced by 1.12 dB, applying the proposed design. The obtained higher fan efficiency can
effectively improve performance of the whole ventilation and air-conditioning system. This novel
optimization method also has relatively few parameters, which makes it potentially valuable for
designing multi-wing centrifugal and other types of fans, providing a new idea for energy saving
and emission reduction design of fan.

Keywords: ventilation system; multi-blade centrifugal fan; CST function; energy-saving design;
parameterized blade

1. Introduction

With the rapid economic development, people have put forward new requirements for
the ventilation and air-conditioning system. At the same time, the COVID-19 pandemic has
further raised people’s attention on this [1,2]. Building electrical energy accounts for a large
proportion of total energy consumption [3,4], and ventilation and air-conditioning systems
are important energy-consuming sections, accounting for about 40% of building energy
consumption [5]. Fan is an important component of ventilation and air-conditioning
system. The improvement in fan performance can reduce electricity consumption by
itself, which is considerable in some ventilation use and help increase the efficiency of
refrigeration system to decrease even more electric energy cost. Therefore, research on
developing ventilation equipment with high efficiency, energy-saving and low noise has
grown increasingly important [6].

From the user’s point of view, the multi-blade centrifugal fan has the characteristics of
small space occupation and low noise. These two unique advantages make it widely used
in air conditioning, ventilation, building ventilation and other industries [7]. However,
its low efficiency has always limited the market promotion of this type of fan [8]. Noise
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and energy consumption problems in existing multi-blade centrifugal fan designs have
grown increasingly problematic as modern demands for energy conservation and emissions
reduction have intensified [9]. As the main working component of a building ventilation
system, improving the efficiency of the fan can reduce the energy consumption of the entire
system [10]. The increase in fan efficiency may also reduce the fan noise, which significantly
affects users’ experience on building ventilation and air conditioning systems [11].

As the power component of the multi-blade centrifugal fan, the aerodynamic per-
formance and the acoustic characteristics of the fan were impacted by the impeller [12].
Multi-blade centrifugal fans usually have 60 blades, so by adjusting the structure of the
blades, the performance of the fan can be greatly improved [13,14]. In the conventional
design, the blade profile of the multi-blade centrifugal fan is polynomial (and usually
single) in the middle arc. The air performance of single arc blades is generally poor [15].
However, optimizing the design of the multi-segment curve of the blade profile may
improve aerodynamic performance, the efficiency and acoustic characteristic of the fan.

Many previous scholars have attempted to optimize the design of multi-blade centrifu-
gal fan blades. In selecting multi-blade centrifugal fan airfoil, Zuo [16] explored a single-arc
blade type multi-blade fan and a double-arc blade type multi-blade fan to find that the
aerodynamic characteristics of the former are inferior to those of the latter. A double-arc
blade type multi-blade fan with a larger arc radius shows favorable aerodynamic char-
acteristics and low noise. Recently, researchers have developed bionic designs on a leaf
(blade) surface, leading-edge and trailing edge by extracting the unique noise-reducing
characteristic structure produced by natural organisms during evolution [17,18]. Liu [19]
found that the A-level noise of non-smooth structured bionic blades, striped surface bionic
blades and bionic serrated leading-edge blades are all lower than those of prototype blades.

Early fluid machinery blade parameterization techniques mainly centered on the bump
function method [20], which is convenient for airfoil design but requires approximately
10 control parameters. As the upper and lower surfaces are modified, the design volume
grows excessive and it is difficult to intuitively reflect the influence of a single parameter
on the design result. Deng et al. [21] proposed a new parametric airfoil design method
based on the Bessel curve and developed it into a generalized form of adjustable shape
parameters. The Bessel function addition was found to improve the local control ability
over the position of the front and rear edges of the airfoil, which is very important in regards
to the blade design. Zuo [22] developed the airfoil disturbance function designed by Hicks-
Henne to investigate the multi-parameter and multi-objective optimization function in the
airfoil optimization process; they proposed airfoil optimization design ideas accordingly.
In order to improve aerodynamic performance of the range hood, Yang [23] used a dual-arc
profile in the multi-blade centrifugal fan.

The above methods provide effective optimization results, but no previous researcher
has fully considered the practical applicability of single-arc blade parameterization. These
methods also tend to have an excess of design variables, which complicates the optimization
process. At the same time, the reliability of the above method in practical engineering
problems has not yet been verified. Therefore, there is still room for improvement. In the
present study, the classical airfoil of the existing multi-blade centrifugal fan is fitted by
linear superposition of four shape functions based on the Class Shape Transformation (CST)
function, which has not been reported yet to the author’s knowledge. Design variables are
established based on the perturbation function concept.

The Q35 fan, usually is used in building ventilation, is chosen for study in this work.
The shape function coefficient of the disturbance CST function is used as a design variable
to parameterize the blades. Using the experimentally validated CFD model, performance
results of fans with different blade CST parameters are obtained. The RBF model is
used to fit the coupling relationship between the CST parameters of the sample model
and the numerical simulated performance value. The Non-dominated Sorting Genetic
Algorithm-II (NSGA-II) is used to complete the optimization process. After the optimized
impeller is analyzed by numerical simulation, its prototype is fabricated and verified by air
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performance and noise testing. This optimization method is also applicable to the blade
airfoil optimization of other types of wind turbines and lays the basis for the optimization
of building systems and heating ventilation and air conditioning (HVAC) systems that use
wind turbines as their main power equipment.

2. Studied Equipment: The Original Multi-Blade Centrifugal Fan

The research object of this study, as mentioned above, is the Q35 single-suction
multi-blade centrifugal fan (Figure 1) commonly used in the ventilation system. Its rated
speed is 880 rpm. Measured at the design working point, the air volume of the multi-
blade centrifugal fan is 16.8 m3/min, its total pressure efficiency is 40.0% and its noise
level is 54.05dB. The profile and thickness of the blade could influence the feature of the
aerodynamic performance and the acoustic characteristics of the fan. The optimization
of this shape can greatly improve the overall performance of the fan, including flow rate,
efficiency, noise level and others. The main structural parameters of the fan impeller are
listed in Figure 2 and Table 1.

The whole optimization process is shown in Figure 3. The CST function fits the blade,
then several groups of blade design samples are established after the perturbation range
of the shape function is determined. By establishing the RBF model of the variables and
the response, the NSGA-II algorithm was used to solve the RBF model. At the same time,
after verifying the feasibility of replacing experiments with numerical simulations, the
sample database for the training of the RBF model is calculated by CFD numerical method.
After obtaining an optimized airfoil, the results were analyzed via proofing verification
and analysis of the numerical simulation.

Figure 1. Structure of multi-blade centrifugal fan (1. Volute 2. Lock nut 3. Inlet collector 4.
Impeller 5. Motor).

Figure 2. Impeller structure.
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Table 1. The profile data of impeller.

Parameter Size

Impeller inlet radius, R1 (mm) 115
Impeller outlet radius, R2 (mm) 140

Impeller width, B1 (mm) 100
Volute width, B2 (mm) 135

Single-arc blade radius, r (mm) 15
Blade inlet angle, β1A (deg) 67

Blade outlet angle, β2A (deg) 163
Number of blades, z 60

Figure 3. Optimization flow chart.

3. Parameterization the Centrifugal Fan Blade Based on CST Function

Kufan and Bussoletti proposed using a Class Function and a Shape Function (CST
function) to represent the geometric shape of an aircraft. This parametric representation
method uses the Class Function and the Shape Function to represent the airfoil. It is highly
accurate and requires few parameters, making it intuitive and convenient when managing
important design parameters such as a leading-edge airfoil radius. The CST method is
mainly used to parameterize airfoils in the aviation and military fields and has shown
good curve-fitting capabilities [24,25]. Multi-blade centrifugal fan airfoil designs are mostly
based on traditional concepts. An improved CST function was applied here to parameterize
the multi-blade centrifugal fan blade:
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where C(x/c) is the class function of the leaf shape; N1 and N2 indicate the type of leaf
shape. When N1 = 0.5, N2 = 0.5, the category function is expressed as an elliptical airfoil
with a round nose and round tail. When N1 = 0.75, N2 = 0.75, the category function is
represented as a Sears-Haack body, as shown in Figure 4 below.

Figure 4. Basic airfoil under different N1 and N2 values.

S(x/c) is the shape function of the airfoil,
N
∑

i=0

[
vi·
( x

c
)i
]

controls the curve shape of the

airfoil from the leading edge to the trailing edge, and zTE
c is the thickness of the trailing

edge of the airfoil, which can be determined according to the design requirements. The
airfoil of the multi-blade centrifugal fan can be considered to have no trailing edge, so the
thickness is 0; c is the chord length of the airfoil. The Q35 fan blade airfoil was decomposed
by the CST parameter using a third-order Bernstein polynomial in this study. N1 and N2
were fixed at 0.75 and 0.75 to obtain a curve that is close to the original impeller.

ai(x) = C(x)·S(x) (4)

ai(x) = x0.75·(1− x)0.75·
n

∑
i=0

vixi(1− x)n−i (5)

During the entire optimization process, the parameterization of the blade profile
centerline is the most important. The parameterized blade profile centerline has fixed
endpoints M1 and M2 so that the blade chord length L remains unchanged. Figure 5 shows
the Schematic diagram of CST function superimposed blade forming. The value of n in
Formula (5) not only determines the number of functions in the curvature distribution
but also ensures smooth adjustment of key points of the leaf shape. An oversize n value,
however, creates an increase in the number of design variables that complicates the opti-
mization process. If the value of n is too small, the leaf shape cannot be adjusted effectively.
After many comparisons, n = 3 was found to allow the CST function to be expressed as the
sum of four divided subfunctions (Figure 5).

Figure 6 shows the blade structure of a multi-blade centrifugal fan. The CST parame-
terization method was used to fit the airfoil of the multi-blade centrifugal fan to validate
the proposed method. The fitting curve is shown in Figure 7. The fitted values of the initial
airfoil parameters are shown in Table 2, where the fitting error is less than 1%.

The design goal, in this case, is to optimize the blade profile, so it needs to be adjusted
based on prototype line fitting. This approach reduces the modified sample space so that the
optimized solution can be obtained quickly when performing multi-objective optimization.

With reference to the CST fitting parameters of the existing airfoil, the parameters
were adjusted to obtain a more suitable airfoil. The variation range of the design variable
(vi) is shown in Table 3.



Appl. Sci. 2021, 11, 7784 6 of 20

Figure 5. Schematic diagram of CST function superimposed blade forming.

Figure 6. Parameterized coordinate axis of Q35 fan blade airfoil.

Figure 7. CST parameterization fitting of Q35 fan blade airfoil.

Table 2. CST parameterized fitting parameters of Q35 fan blade airfoil.

v0 v1 v2 v3

0.4943 2.854 1.5694 0.6450
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Table 3. Value range of design variables vi.

vi min max

v1 0.3 0.7
v2 2 4
v3 1 3
v4 0.4 0.8

4. Multi-Objective Optimization of Fan Blade Based on RBF Model with CST
Parameterization as Inputs

Variables determined by CST parameterization, representing the blade shape, decide
the fan performance. For different fan blade types, there will be some differences in
parameters selection (such as N1, N2 and n). The relation between shape variables and
performance parameters (such as Pressure and flow rate) is correlated with the RBF model.
Based on this RBF model, multi-objective optimization with shape variables as optimized
parameters can be conducted.

4.1. Pattern Building

The uniformity of sample distribution has an important effect on the accuracy of the
approximate model. The Opt Latin Hypercube Designs (LHD) method can reduce the
number of trials and reflect the characteristics of an entire optimized design space through
a small number of sample points. This approach was adopted to make all test points evenly
distributed across as much of the design space as possible [26]. The design variables (v0, v1,
v2, v3) were sampled within the existing design range, and 45 sets of samples are obtained.
The sampled samples are shown in Figure 8. CFD calculation was also performed on each
sample airfoil to obtain sample response data (flow rate and total pressure efficiency).

Figure 8. Opt LHD test design.

4.2. RBF Model

The approximate model is a mathematical method approaching a set of input variables
and output variables.

y(x) = ỹ(x) + ε (6)

where y(x) is the actual response values; ỹ(x) is the response approximation, ε is the random
error, respectively.

The Radial Basis Function network can approximate arbitrary non-linear functions
and has good generalization ability [27,28]. Therefore, the Radial Basis Function network
(RBF) is selected in this paper. Figure 9 shows the RBF model used in this optimization
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process. The model is a three-layer forward network structure divided into an input layer,
hidden layer and output layer.

Figure 9. RBF neural network.

The data in Figure 8 were normalized and imported into Isight software to establish an
approximate model and perform multi-objective optimization. Isight software is a software
framework to integrate and automate the tedious and repetitive analytical design process.
This data (sample set) is generally composed of design and optimized variables (Qv, η).
The first 40 samples were selected as training samples, and the remaining five were used as
test samples. Generally speaking, the training samples were used to build an approximate
model, and the test samples were used to examine the accuracy of the approximate model.
The R2 term is used to evaluate the accuracy of the approximate model:

R2 =

n
∑

i=1
(ŷi − y)2

n
∑

i=1
(yi − y)2

(7)

where i is the number of training samples, n is the total number of samples, y is the average
of the samples and ŷ is the predicted value of the test sample. The closer the R2 is to 1, the
better the fitting effect. Table 4 shows that the R2 terms of each parameter is less than 0.95,
so the approximate model is considered reliable.

Table 4. R2 terms.

Qv η

R2 0.962 0.977

The value R2 of this method shows that the prediction is reliable. The optimal sample
was selected among 40 groups of samples for the purpose of determining the weight.

4.3. Optimization Algorithm

The NSGA-II algorithm (Non-dominant Sorting Genetic Algorithm-II) is a multi-
objective optimization algorithm based on genetic algorithm and is a multi-objective
optimization algorithm based on Pareto optimal solution discussion [29]. In this study,
the population size was set to 80, iterations to 100 and crossover probability and mutation
probability to 0.8 and 0.01, respectively. The coefficients of the four CST functions (v0, v1,
v2, v3) were used as design variables. The flow rate and total pressure efficiency were
selected as the optimization targets. In conclusion, the corresponding mathematical model
of the study can be list as follows:
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

max(qv(v0, v1, v2, v3))
max(η(v0, v1, v2, v3))

0.3 ≤ v0 ≤ 0.7
2 ≤ v1 ≤ 4
1 ≤ v2 ≤ 3

0.4 ≤ v3 ≤ 0.8

(8)

5. Sample Database Establishment for RBF Model: Numerical Simulation and
Experimental Verification

The sample database for the training of the RBF model is calculated by CFD numerical
method that is validated by experiment setup of this paper.

5.1. Experimental Setup and Method

In this article, there is a large number of samples that need numerical simulation calcu-
lations, so it is very important to ensure the accuracy of numerical simulation calculations
by test verification. The aerodynamic performance of the multi-blade centrifugal fans was
tested on the experimental platform with reference to GB/T 1236-2017 [30], based on a per-
formance test of an industrial ventilator with a standardized air duct. Schematic diagram
and physical diagram of the test equipment are shown in Figure 10. The outlet of the tested
fan is connected with the test bench, and the different working conditions are adjusted by
a throttling device. The static pressure was obtained by averaging four pressure probes
evenly distributed around the measuring pipeline. The total pressure and efficiency were
calculated accordingly.

Figure 10. Aerodynamic performance test of fan. (a) Sketch of experimental system (b) Experimental
facility (c) Original fan.

Generally, the measurement error of the fan performance is affected by the accuracy
of the sensors and the test method. The test under each working condition takes more than
5 min, and the average value under stable conditions is taken to ensure the accuracy of
the data. In addition, the error of the sensors is calibrated and kept within 1%. Therefore,
the uncertainty of fan performance measurement can be guaranteed within a small range
(within 1%).
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5.2. Verification of Numerical Model and Sample Calculation

Figure 11a displays the simplified diagram of the computing domain, which was
divided into the impeller fluid domain, volute fluid domain, inlet fluid domain and outlet
fluid domain. The inlet and outlet watersheds were extended appropriately for accurately
simulating the flow conditions at the inlet and outlet of the fan. The inlet channel was
a hemispherical inlet. The outlet flow area was extended to five times the radius of the
volute inlet, and a rectifying plate was set in the outlet extension section so as to eliminate
the vortex structure caused by separation and reduce the influence of the outlet airflow
on the internal flow of the fan. In order to accurately simulate the complex flow, the wind
turbine was discretized by structural grids. Unstructured grids were adopted for complex
motors and support structures. The overall grid is depicted in Figure 11b,c presents the
impeller structure grids.

Figure 11. Calculation domains and grid model (a) Calculation domains (b) Fan grid (c) Mesh in
blade passage.

The internal flow field of the multi-blade centrifugal fan was solved by FLUENT 19.1.
The simulation medium was 25 ◦C dry air. The multiple reference frame model (MRF) was
applied to the simulation of the impeller rotation. All the walls were assumed to be fixed
walls except that the blade was set as a moving wall relative to the impeller flow field. The
inlet and outlet boundary conditions were set as pressure inlet and pressure outlet. The
pressure-based implicit solver was specified.

The shear stress transport model (SST k-ω) was used to close the turbulence term
to solve the three-dimensional Reynolds averaged Navier-Stokes equation for its high
calculation accuracy in the area with a large velocity gradient near the vortex. The velocity
and pressure coupling model was selected using the versatile SIMPLE algorithm. The
momentum equation, dissipation rate equation and turbulent kinetic energy equation were
discretized with a second-order upwind scheme. The residual root means square (RMS)
value of the governing equation was specified to be less than 10−5 to ensure the accuracy
and convergence of numerical calculations [31].

For the SST k-ω turbulence model used in this study, the treatment of wall shear stress
has a great influence on the accuracy of numerical scheme. The dimensionless distance
(y+) must be limited to obtain accurate data from the SST model. The first mesh node
should be placed in the viscous region at the bottom when dividing the grid. It is generally
considered that the y+ value is less than 5. The empirical formula of y+ is:

Ywal1 = 6
(Vre f

v

)− 7
8
( Lre f

2

) 1
8

y+ (9)

where Ywall is the height of the first layer of the boundary layer grid, in mm; Vref is the
reference speed, in m/s; Lref is the reference length, in m; ν is the fluid kinematic viscosity,
in m2/s; and y+ is a dimensionless parameter indicating the boundary point between the
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viscous bottom and logarithmic layers. The height of the first layer of the boundary layer
grid should be <0.44 mm.

When the girl of the whole fluid domains reaches more than 2.6 million meshes,
the total pressure and the flow rate in this model varies within 1% (Figure 12). Thus,
comprehensively considering the accuracy of the calculation and the time cost of the
optimization project, the calculated grid number was determined to be 2,675,823.

Figure 12. Grid independence.

The numerical and experimental performance curves obtained in this study are in
agreement with the large flow area (Figure 13). In the small flow rate region, however,
there is some significant error due to the difficulty of numerically simulating turbulence
and boundary layer separation. The design flow condition error is 2%, which is within an
acceptable range.

Figure 13. Comparison of experimental and numerical simulation performance curves.

6. Results Analysis: Comparison of the Original Impeller and Optimized Impeller
6.1. Final Blade Profile

The established RBF model was solved by NSGA-II to obtain a Pareto solution set.
Figure 14 shows the Pareto frontier solution of this problem. The gap between the solution
sets is very small. The optimization goal requires the simultaneous improvement of full
pressure efficiency and flow rate. Therefore, considering that in the optimization goal, the
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flow rate of the fan and the total pressure are equally important. A mathematical model
Max(0.5ηB + 0.5qv) was selected as the best solution for analysis.

Figure 14. Pareto front.

The corresponding blade structure parameters and aerodynamic performance of
the original and optimized profiles are listed in Table 5. By comparison, it appears that
under the design working conditions, the effective air volume of the fan increases by near
1.4 m3/min and the total pressure efficiency increases by near 3.1%.

Table 5. Blade structure parameters original and optimized.

v0 v1 v2 v3 β1A/◦ β2A/◦ ηB/% Qv/(m3/min)

Original 0.4943 2.854 1.5694 0.6450 67 163 40.0 16.8
Optimized 0.6172 3.878 2.175 0.4875 62.3 164.7 43.1 18.2

Figure 15 shows the original and optimized blade profiles. Figure 16 shows the
original and optimized impeller. The optimized blade shows a major modification in the
trailing edge, while the angle adjustment at the leading edge is small. By comparing the
geometrical structure of blades before and after optimization, the inlet installation Angle
β1A is shown to decrease by 4.7◦ while the outlet installation Angle β2A increases by 1.7◦.

Figure 15. Original and optimized blade profiles.
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Figure 16. Original and optimized impeller (a) Original (b) Optimized.

6.2. Comparison of Performance Curve

The aerodynamic performance of the fan appears to improve after optimization sig-
nificantly. Numerical simulation and experimental testing of the fan after optimization
of the blade shape were conducted to analyze this result further. Figure 17 shows the fan
performance curve before and after optimization. The air performance curve of the opti-
mized fan is consistent with the original fan performance curve. The difference is that the
optimized fan’s total pressure and total pressure efficiency at various operating conditions
are improved. At the design point, the effective air volume increases by 1.4 m3/min, and
the total pressure efficiency increases by 3.1%. Comparing to the two-fan performance
curve, the efficiency of the optimized fan is obviously higher than that of the original one
and a higher efficiency fan can save the energy of the ventilation system and temperature
adjustment system.

Figure 17. Fan performance curves original and optimized.

6.3. Comparison of Flow Characteristics Original and Optimized

Figure 18 shows vorticity comparison in the range of 220◦~280◦. Under the influence of
the inlet direction of the impeller, after the gas flowed in from the impeller inlet, the leading
edge of the blade will have obvious flow separation and the leading-edge separation vortex
will occupy the blade passage and occupies a larger space. The separation vortex continues
to develop along the blade path, which will cause the deterioration of the downstream flow
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field. In the range of 220◦~280◦, the impeller is close to the outlet of the volute domain,
so there is a large amount of airflow leaving the flow field. Thus, the flow characteristics
of this area have a greater impact on air performance. Affected by the inlet installation
Angle β1A, there is obvious suction separation at the leading edge of the blade and the
vortex will occupy the space of the flow path and cause the deterioration of the flow field.
Affected by the Blade outlet angle, the shedding vortex of the trailing edge will also follow
the blade tail to affect the blade outlet flow path. Unreasonable vortex formation and
rupture aggravate the turbulence of the flow field and increase the energy loss of the entire
flow field. The optimized impeller (Figure 18a) has better vortex sizes and distribution
at the front and rear edges of the blades than the original one. Therefore, the optimized
fan is more efficient and the air conditioning system used by the fan has a higher energy
utilization rate.

Figure 18. Vorticity comparison in the range of 220◦~280◦ (a) Original (b) Optimized.

Figure 19 shows a speed expansion diagram of the impeller outlet. The area of the
volute tongue corresponding to the impeller falls into the middle of the diagram. The
airflow angle in the impeller channel near the volute tongue area after optimization is
reduced to a certain extent compared with the original model in one cycle. This indicates
that the airflow from the impeller flows more area along the tangential direction of the
impeller radius, which reduces the radial velocity component in the impeller flow path.
The circumferential velocity increases as well, which reduces the flow loss caused by the
impact of the gas on the wall of the volute. Reducing the impact loss of the outlet airflow
and the wall surface can indirectly improve the efficiency of the fan, thereby increasing
the efficiency of the system. At the same time, the gas impacts the inner wall of the
volute at a large angle after flowing out of the impeller, which will cause unreasonable
broadband noise.

According to vortex-sound theory [32], the noise level of the fan is largely affected by
the vortex. The vortex-acoustic equation for isentropic flow at a low Mach number can be
written as follows: {

1
c2

0

∂2

∂t2 −∇
2

}
B = div(ω× v) (10)

where B is the total enthalpy of the fluid, w is the flow vortex vector and v is the speed
of vector. The tension and breakdown of the vortex cause pressure pulsation and then
generate vortex noise. Under stable conditions, the speed of vector tends to stabilize, so
the turbulent vortex w has a significant contribution to the noise of the fan.
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Figure 19. Speed expansion diagram of impeller outlet (a) Original (b) Optimized.

Figure 20 is a streamline diagram of the exit area of the volute. As shown in Figure 20a,
there are large-scale vortices in the volute channel, and the vortex core in the red circle
disappears after optimization. The turbulence of the volute passage is improved, and the
residence time of the airflow in the volute passage is reduced, which together enhances
efficiency. The vortex core in the red circle disappears after optimization as well, so it
can be inferred that the noise performance of the optimized fan is better than that of the
prototype. In order to verify this conjecture, the acoustic characteristics of the impeller
original and optimized were tested.

Figure 20. Streamline diagram of volute exit area (a) Original (b) Optimized.

6.4. Experimental Comparison of Acoustic Characteristics Original and Optimized

As the primary source of noise in the building ventilation system, the acoustic char-
acteristic of the fan affects the experience of building users. As another form of energy
dissipation, reduction of the fan noise can indirectly improve the efficiency of the fan.
Therefore, the noise of the fan should also be taken into consideration after optimization.

The multi-blade centrifugal fan field test was conducted with reference to the standard
GB/T 2888-2016, “Measurement Method for Noise of Fans and Roots Fans” [33]. The noise
measurement was carried out in a semi-anechoic room laboratory (Figure 21). The control
room uses a multi-channel acquisition and analysis system with acoustic and vibration
analysis software, including powerful FFT, CPB (1/3 octave band analysis) and a total level
value analyzer.
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Figure 21. Fan noise test system (a) Photo of fan noise field test (b) Data analysis system.

Schematic diagram of test points is shown in Figure 22. The sound pressure level
(SPL) spectrum of the two wind impellers at monitoring point A is shown in Figure 23. The
sound pressure level spectrum of the optimized fan and the sound pressure level spectrum
of the prototype fan are shown in Figure 23 for comparison. The basic frequency and
multiplication frequency of the fan can be calculated from the blade frequency formula.
The sound pressure level appears to be highest at the fundamental frequency of 880 Hz
and decreases at the double frequency. The sound pressure level spectrum of the two fans
shows basically the same trend across the entire frequency range. The sound pressure level
of the optimized fan at the fundamental frequency and octave frequency is reduced to a
certain extent; the broadband noise of other frequency bands is also slightly lower than
that of the prototype fan. Comparing the noise value measured by the prototype (54.05 dB)
and the noise value measured after optimization (52.93 dB), the prototype wind turbine
containing the optimized blade is 1.12 dB quieter.

Figure 24 compares the sound pressure level distribution under 1/3 octave frequency
between the original and optimized fan structures. The optimized fan shows a significant
reduction in low-frequency noise and similar high-frequency change trends as the original
device. The blades, after airfoil modification, can suppress the eddy current noise of the fan
over a wide frequency distribution; the attenuation amplitude of the discrete characteristic
rotating noise is greater than that of the original fan. The optimized airfoil can change the
trailing edge vortex distribution, reduce the impact of the outflow on the interior of the
volute and reduce aerodynamic noise. As the main work component of the ventilation
system, the reduction of fan noise can greatly improve user experience.

Figure 22. Noise monitoring points.
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Figure 23. Spectrograms of impeller.

Figure 24. Comparison of original and optimized fan noise.

7. Conclusions

A multi-objective multi-blade centrifugal fan optimization design was developed in
this study using the disturbance CST function. Numerical simulation and experimental
analyses were conducted to test its feasibility and effectiveness. The conclusions of this
work can be summarized as follows:

(1) Aerodynamic performance and noise tests on original and optimized fans showed
consistent characteristic curves between them. The total pressure and efficiency of the total
pressure fan were effectively improved in different working environments. At the design
working point, the air volume increases by 1.4 m3/min while total pressure efficiency
increases by 3.1% and low-frequency noise is markedly reduced. As the main working
component of a building ventilation system, improving the efficiency of the fan can reduce
the energy consumption of the entire system and noise reduction can significantly improve
user comfort.

(2) The disturbance CST function was applied to the optimal design of multi-blade
centrifugal fan blades, and the feasibility of coupling the CST function and multi-objective
genetic algorithm in the parametric blade design was validated. The entire proposed
optimization design requires relatively few design variables. It provides a way of thinking
for the energy-saving design of the ventilation system. The optimization process is simple
and effective; the proposed method has certain engineering application value. In the longer
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term, this method provides a feasible method for the design of fluid machinery blades,
such as compressors, pumps or wind turbines.

Author Contributions: Conceptualization, S.Z.; methodology, K.Y.; software, C.W.; validation, W.Z.
and S.Z.; writing—original draft preparation, K.Y.; writing—review and editing, K.Z. and W.J.; project
administration, S.Z.; funding acquisition, S.Z. All authors have read and agreed to the published
version of the manuscript.

Funding: This research is supported by National Science and Technology Major Project (Grant
no. 2019ZX06004001) and Zhejiang Provincial Natural Science Foundation Committee, exploration
project (Y, LY20E090004). Thanks to ZJUT for providing computing resources and technical support.
The authors also appreciate all other scholars for their advice and assistance in improving this article.

Acknowledgments: Thanks are due to ZJUT for providing computing resources and technical
support. The authors also appreciate all other scholars for their advice and assistance in improving
this article.

Conflicts of Interest: The authors declare no conflict of interest.

Nomenclature
Variables
rpm Rotating speed (r/min)
R1 Impeller inlet radius (mm)
R2 Impeller outlet radius (mm)
B1 Impeller width (mm)
B2 Volute width (mm)
r Single-arc blade radius (mm)
β1A Blade inlet angle (deg)
β2A Blade outlet angle (deg)
z Number of blades
N1/N2 The type of leaf shape
zTE The thickness of the trailing edge of the airfoil (mm)
c The chord length of the airfoil (mm)
vi The design variable
y(x) The actual response values
ỹ(x) The response approximation
ε The random error
Qv The flow rate (m3/min)
η The total pressure efficiency (%)
β The angle between A-B and the axis (◦)
i The number of training samples
n The total number of samples
y The average of the samples
ŷ The predicted value of the test sample
Ywall The height of the first layer of the boundary layer grid (mm)
Vref The reference speed (m/s)
Lref The reference length (m)
ν The fluid kinematic viscosity (m2/s)
y+ The dimensionless parameter indicating the boundary point between the viscous

bottom and logarithmic layers (mm)
qv The flow rate (m3/s)
Abbreviations
HAVC heating ventilation and air conditioning
CST function Class Function and a Shape Function
R2 The correlation coefficient
NSGA-II Non-Dominated Sorting Genetic Algorithm II
RBF The Radial Basis Function network
Opt LHD The optimal Latin hypercube design
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