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Abstract: Centrifugal fans play a significant role in industrial ventilation systems. Their
performance is affected by aerodynamic losses such as flow separation and non-uniform pressure
distribution, thereby reducing the overall efficiency. Since design parameters influence the fan
efficiency, design parameter optimization becomes one option for addressing this issue. Some
optimization methods involve high computational cost and complex procedures. This raises the
necessity for a more efficient and systematic optimization procedure. The aim of this study is to
propose an integrated approach which involves Computational Fluid Dynamics (CFD) and the
Taguchi method to improve the performance of a centrifugal fan. CFD is used to evaluate the
performance of different design combinations, while the Taguchi method is used to optimize design
parameters. The investigated design parameters are the inlet blade angle (1), the outlet blade angle
(B2), the number of blades (n), and the flow rate (Q). Each of the design factors has three levels,
therefore, an L9 orthogonal array was utilized as the design of experiments. Analysis of variance
(ANOVA) is used to determine their relative significance. The results show that the optimal
combination of design parameters increase the efficiency from 39.79% (the reference) to 63.26%.
The CFD simulations for the optimal combination exhibit the improved flow behaviour, which
explains the enhanced efficiency. The results show the feasibility of the proposed method for
improving the performance of the centrifugal fan.

Keywords: centrifugal fan; design configurations; HVAC systems; impeller geometry

optimization

1. Introduction

Centrifugal fans play a significant role in industrial ventilation and HVAC systems due to their ability
to deliver high airflow under varying pressure conditions [1]. The increase in global energy demand
and regulations on efficiency make improving fan performance a priority. Several studies reveal that
the impeller geometry significantly affects the efficiency of centrifugal fans [2], [3]. In industrial
practice, many centrifugal fans still operate at low efficiency. This is caused by the aerodynamic
losses which arise due to suboptimal impeller geometry. This low efficiency imposes a higher
operational energy consumption. The design parameters, such as inlet blade angle (1), outlet blade
angle ($2), number of blades (n), and flow rate (Q), are identified as primary geometric parameters
that significantly influence the fan performance [4], [5]. However, these parameters do not act
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independently. Their interactions collectively affect the flow behavior and efficiency. For example,
inappropriate inlet blade angles might cause flow separation at the entry. On the other hand,
excessive or insufficient blade numbers may increase blockage effects or reduce flow guidance
effectiveness. The outlet blade angle is found as a parameter which influences pressure rise and flow
direction. However, several studies found results that are inconsistent about its optimal value which
depends on operating conditions and design configurations [6]. Generally, incorrect combinations
of these parameters may cause recirculation zones, increase turbulence and distribution of non-
uniform pressure. Eventually, they contribute to significant aecrodynamic losses and decrease the
efficiency [7], [8]. In addition, some previous studies do not clearly distinguish between geometric
design variables and operating conditions, which may lead to biased interpretations in statistical
analyses [9].

Several studies perform centrifugal fan optimization [10], [11], [12], [13]. Some advanced
optimization methods, namely response surface methodology, genetic algorithm, and particle
swarm optimization, have been used in the design of centrifugal fans. However, these methods
generally require a large number of Computational Fluid Dynamics (CFD) and high complexity.
This induces a high computational cost and longer processing time. Therefore, an efficient
optimization method, which systematically captures multi-parameter interactions, is required. The
aim of the present study is to improve the efficiency of the centrifugal fan by optimizing design
parameters through an integrated method combining CFD and the Taguchi method. The Taguchi
method is used for optimization because it reduces computational cost while maintaining the ability
to effectively evaluate multiple design parameters. This method has been introduced as a structured
design-of-experiments approach that uses orthogonal arrays to identify significant parameters with
a minimal number of simulations [14], [15], [16]. To evaluate the performance of different design
configurations, CFD was used as a numerical tool, while the Taguchi method was used to find the
optimal parameters. CFD has been commonly used to analyze the flow characteristics of centrifugal
fans. By using CFD, the evaluation of velocity fields, pressure distribution, and aerodynamic losses
are obtained [17], [18].

This study proposes a novelty in the formulation of an optimization framework, where geometric

design variables, namely angle of inlet blade (1), angle of outlet blade (82), number of blades (n),
and the flow rate (Q) are involved as design factors. The results of this study are expected to be
useful for the development of high-efficiency centrifugal fans. This research is expected to
contribute to the development of a more efficient method for multi-parameter optimization of
centrifugal fans and to provide practical design knowledge from the integration of statistical and

numerical methods.

2. Material and methods
2.1 Research method

This study involves CFD and Taguchi method as a structured optimization approach. The research
methodology is illustrated in Figure 1. The Taguchi method is utilized to construct an L9 orthogonal
array. This allows systematically evaluating multiple design parameters with a minimal number of
simulation cases. For each parameter combination, CFD simulations are performed by using Ansys
Student R1 2024 to predict efficiency, velocity, and pressure distribution. The CFD simulation
results are further analysed by Taguchi to evaluate the significance of each design parameter and to
obtain the optimal combination.
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Figure 1.  Flowchart
2.2  Fundamental formula

The performance of a centrifugal fan is characterized by several parameters, including efficiency,

total pressure rise, and shaft power. The total pressure rise (AP) is the pressure difference between
the outlet and inlet. It can be written as in Equation (1).

AP = Piotal outlet — Protal inlet (1)

Another critical parameter used to quantify the fan’s performance is air power. This is a measure

of the actual energy transferred from the impeller to the moving air. It is usually computed as the

product of the total pressure rise (AP) and volumetric flow rate (Q), as shown in Equation (2).
Wair = AP.Q (2)

In this expression, the pressure rise, measured in pascals (Pa), is a function of the volumetric flow
rate Q, measured in cubic meters per hour (m3/h). The symbol Wgpqr¢ represents shaft power,
measured in watts (W). Shaft power in turn is the mechanical energy transferred to the fan impeller.

It is calculated by multiplying the angular velocity (, in radians per second) by the shaft torque
(Nm), as presented in Equation (3).

Wshaft =w -Tshaft 3)

Angular velocity (W) can be expressed in terms of fan rotation speed (N) in revolutions per minute
(rpm), as in Equation (4).

21N
“ =0 ®

Physically, the torque of the shaft can also be calculated using the product of the radius at which the
force is applied (r), and the tangential force applied on the shaft (F), as written in Equation (5).
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Tshaft =r.F (5)
By substituting the value of W into the shaft force, it can be formulated as in Equation (6).
2nN.r. F
Wshare = 5 — (6)

The total pressure rise includes both static and dynamic pressure. Furthermore, the efficiency of

the fan (1), which is a key factor in the evaluation of the performance of the fan, is defined as the
ratio of the useful power output, i.e., the fluid pressure energy, to the input power provided by
the shaft of the fan, as shown in Equation (7).

N =—4r. 100% %)

From the obtained results, it can be derived as in Equation (8).

_ AP.Q
" Wshaft 3600

.100% (8)
2.3 Model construction

The geometry of this study is obtained from a commercially available industrial fan. The numerical
model was created in SOLIDWORKS. The geometry of the centrifugal fan is presented in Table 1
and Figure 2.

Table 1. Geometry of a centrifugal fan

Parameter Size
Diameter of Impeller (a), mm 287
Angle of Blade (b), degree 30°
Number of Blades 10
Width of Impeller (c), mm 95
Diameter of Inlet (d), mm 170
Outlet Size (¢), mm x mm 153 x 130
Length of Inlet Channel (f), mm 1700
Length of Outlet Channel (g), mm 1900
Thickness of Casing, mm 5
Width of Blade, mm 3
d
C
- - : - b =}
A v
A !
O d -

Figure 2. Geometry definition of the centrifugal fan
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2.4 Boundary conditions

In this study, the CFD simulations are conducted under steady-state conditions. The flow is assumed
to be incompressible, with negligible gravitational effects and constant fluid properties [19], [20].
A no-slip boundary condition is applied to all solid walls to accurately capture viscous effects near
the surface. A velocity inlet is specified based on a fixed operating flow rate corresponding to the
design condition, while a pressure outlet is set to atmospheric pressure, following standard practices
in fan performance simulations. The impeller rotation is modelled using a Rotating Reference
Frame (RRF) approach with a constant angular velocity of 301.069 rad/s, which is widely adopted
for steady-state analysis of rotating machinery. For the turbulence model, the realizable k-€ model
is used due to its robustness in predicting rotating and separated flows, as reported in previous CFD
studies on centrifugal fans. Standard wall functions are used for near-wall treatment to ensure
computational efficiency and numerical stability.

The simulations are performed using a pressure-based solver with second-order discretization
schemes, and convergence is achieved when all residuals fall below 1075, which is consistent with
established CFD practices. A schematic representation of the boundary conditions and
computational domain are shown in Figure 3.

Rotation

Casing

Ducting Inlet

Inlet = N --;'._-:/ Outlet
\‘.:/X," s i /
y, <= = ;"'w;,'/"
—

Figure 3. Boundary Conditions on the simulation model
2.5 Selecting the optimal mesh for CFD analysis

The validation of finite element modelling (FEM) is an important step in ensuring the reliability of
simulation results obtained from such models [21], [22]. In the present study, validation is achieved
by comparing the CFD simulation results with available experimental data reported in the literature
[23], [24]. In addition, reference data obtained from previous studies are used as a comparative
benchmark to ensure consistency of the numerical approach [25]. A mesh dependency (grid
convergence) study was conducted using four different mesh densities (Mesh A-D) to evaluate the
influence of mesh resolution on the simulation results. The results were compared with key
performance parameters, particularly total pressure rise and efficiency. The sensitivity of the mesh
was analyzed at several levels, as depicted in Table 2. According to the mesh sensitivity analysis
adopted from [25], Mesh B shows the lowest error (5%), as shown in Figure 5, indicating the highest
accuracy. It can be observed that the predicted values gradually approach a stable solution as the
mesh density increases. The difference between Mesh C and Mesh D is relatively small, indicating
that the solution is beginning to converge and is less sensitive to further mesh refinement. In
addition, the simulation results were compared with reference data [25] to validate the numerical
model. Among the tested meshes, Mesh B shows good agreement with the reference values while
maintaining reasonable computational cost. Therefore, Mesh B was chosen as the optimal mesh for
subsequent simulations, balancing accuracy and computational efficiency.
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Figure 4. Computational mesh of the simulation model
Table 2. Mesh dependency test
Parameter Ref[ezrse]nce Mesh A Mesh B MeshC Mle)sh
Number of Mesh 591329 273439 563508 766890 993788
100173. 100161. 100150.
Pressure Inlet (Pa) 100384.88 003 3 0076 00450 100133
101331. 101331. 101331. 101331.
Pressure outlet (Pa) 101338.42
5 6 6 6
Total Pressure Rise (Pa) 953.54 1158.2 1169.9  1181.2 1198.6
Air Power 52.97 64.25 64.95 65.58 66.55
Shaft Power 177.03 259.98 206.65 204.18 200.67
Efficiency (%0) 29.92 24.71 31.43 32.12 33.16
Error Percentage to Reference 17 41 505 735 10.83
[25]
34 33.160
32 ’
29.92
S 30 f
&
a2 28
2
é) 26 24 71 Reference
23
24
22
20
273439 563508 766890 993788
Number of Mesh
Figure 5. Mesh sensitivity analysis of fan efficiency
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Figure 6. Velocity Contour (a) Ansys and (b) Previous Study by Solidwork [25]
2.6 Determination of orthogonal array for impeller geometry variations

After validating the CFD results, optimization was conducted by using the Taguchi method. The
Taguchi method was chosen for its ability to optimize several design parameters with a limited
number of simulations without sacrificing the accuracy [26], [27]. Here, the L9 orthogonal array is

used to evaluate three levels of four control factors, namely the inlet blades angle (B1), outlet blades

angle (B3,), number of blades (n), and flow rate (Q). The levels are presented in Table 3.

Table 3. Experimental design based on the Taguchi method

Number Control Factor Variation
Level 1 Level 2 Level 3
A Inlet Blade Angle h 10 20 30
B Outlet Blade Angle (B,) 15 25 40
C Number of Blades (n) 9 10 12
D Flow Rate (Q) m’/h 500 1000 1500

The Signal-to-Noise Ratio (S/N) is used to assess the stability and quality of the design parameters
against undesirable variations, ensuring robust performance and optimal operation of the centrifugal
fan under different conditions. For performance optimization, the " Larger-the-Better" approach is
used in the S/N calculation, aiming to maximize the response (efficiency) [16]. The formula for
calculating the Signal-to-Noise Ratio (S/N) for the Larger-the-Better characteristic is defined in
Equation (9).

1 1
S/N=4+10 l0g10 (; Z?=1 ?) 9)
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2,7 ANOVA

Analysis of variance (ANOVA) is used to evaluate the influence of each design parameter on the
response variable (efficiency)[28]. The total variation of the response is decomposed into
contributions from each factor using the sum-of-squares method. The total sum of squares (SST) is
formulated as in Equation (10).

SST = ¥ (i — ¥)? (10)

¥ is the response value and ¥ is the mean response. The sum of squares for each factor is calculated
as in Equation (11).

SSfactor = Z?:lnjo_}j - 37)2 (11)

Yj is the mean response at level j, and 1 is the number of observations at that level. The mean
square (MS) is obtained by Equation (12).

SS
MS = = (12)
DoF
while the F-value evaluates the strength of the factor compared to experimental error. The F-value
is calculated as in Equation (13).

F — Msfactor

13
MSETTOT ( )

Statistical significance is determined by the p-value. A value less than 0.05 indicates that the factor

has a significant effect on the response. The p-value is calculated as in Equation (14).

p=PF (F(dfl,dfz) > Feount) (14)

The contribution percentage indicates the relative influence of each factor on the response. The

percentage contribution of each factor is expressed as in Equation (15).

Contribution(%) = % x 100% (15)

3. Results and discussion
3.1 Signal-to-Noise (S/ N) ratio and main effects plot

Table 4 presents the CFD simulation results based on the Taguchi L9 orthogonal array. Taguchi L9
is designed to evaluate the main effects of design parameters efficiently with a reduced number of
simulations. Each simulation case was repeated three times to ensure consistency and reduce
numerical variability. The signal-to-noise (S/N) ratio is used to evaluate the robustness of each
parameter combination, with a higher S/N ratio, indicating greater robustness in efficiency
performance.

Figure 7 show the signal-to-noise (S/N) ratio and the main effects plots for efficiency. The mean
plot shows the average of efficiency, while the signal-to-noise ratio plot shows the robustness of
efficiency with respect to the parameter variation [16], [29]. The highest S/N ratio is observed
when the inlet blade angle is 20°, the outlet blade angle is 15°, the number of blades is 10, and the
flow rate is 1000 m*/h. Among the investigated parameters, the flow rate is the most significant
factor influencing the efficiency. The main effect plot shows a similar trend.
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3.2 Analysis of variance (ANOVA)

ANOVA in the Taguchi method is used to identify the most influential factors, assess their statistical
significance, and determine each factor's contribution percentage to the system response, as detailed
in Table 5. ANOVA is widely used to enhance the results of Taguchi -CFD optimization [30], [31].

Table 5. Analysis of variance
Factor DoF SS MS F P Contribution (%)

Inlet angle 2 11.07 5.535 2.546 0.282 4.00
Outlet angle 2 9.70 4.85 2.23 0.31 3.50
Number of 2 435 2.173 | 0.5 1.57
blades

Flow rate 2 251.83 125.92 57.92 0.017 90.93
Total 8 276.95 100

Significance level (a = 0.05) is used. Analysis shows that the flow rate is the only statistically
significant parameter (p < 0.05). The ANOVA results indicate that the flow rate (Q) is the most
dominant factor (90.93%) influencing the centrifugal fan performance, while the inlet blade angle
(B1), outlet blade angle (2), and number of blades (n) show relatively low contributions of 4.00%,
3.50%, and 1.57%, respectively. This result is consistent with other studies, which report that flow
rate significantly affects the overall performance of centrifugal fans. For example, [12], [32] reveal
that flow rate variations significantly affect the distribution of velocity, pressure rise, and losses in
the fan system.

The results also indicate that geometric parameters such as blade angles and blade number exhibit
more subtle effects and are often associated with flow control mechanisms, such as reduced flow
separation and improved pressure distribution, rather than dominating overall performance. Similar
results were reported by [3], who found that geometry optimization improved efficiency but did
not outweigh the influence of operating conditions. Therefore, the dominance of flow rate observed
in this study is in good agreement with existing literature, while the relatively lower statistical
contribution of geometric parameters does not diminish their physical importance in enhancing
aerodynamic performance. The dominance of the flow rate is mainly due to the wide range of flow
rates used in this study (500-1500 m?/h). This causes significant changes in flow characteristics and
loss mechanisms. As a consequence, the influence of geometric parameters becomes relatively less
significant. A narrower range of flow rates might reduce this dominance and allow for a clearer

assessment of geometric influences.
3.3 The efficiency comparison of optimal parameters with the reference

CFD simulations are performed to evaluate the efficiency improvement of the optimal configuration
relative to the efficiency of the reference configuration. The optimal configuration is B1=120° B2
=15° n =10, and Q = 1000 m?/h. The reference configuration is 1 = 30°, Bz = 25°, n = 10,
and Q = 1000 m3/h.

Table 6. Baseline confirmation test results
Run Reference configuration (%) Optimal Configuration (%)
1 38.78 63.35
2 41.23 62.97
3 39.37 63.46
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As shown in Table 6, the reference configuration exhibits efficiencies of 38.78%41.23%, while
the optimized configuration demonstrates higher efficiencies of 62.97%—-63.46%. This indicates a
significant improvement in performance under the same operating conditions. To ensure the
reliability of the numerical results, the reference configuration has been validated against previously
reported data [25], showing good agreement within an acceptable deviation. Based on this
validation, the optimized configuration obtained from the Taguchi method demonstrates a
consistent improvement in efficiency. These findings suggest that the proposed optimization
approach is feasible in enhancing the efficiency of the centrifugal fan. The improvement in impeller
efficiency obtained from the Taguchi optimization is consistent with established theoretical studies
or previous research. The inlet blade angle (1) plays a critical role in minimizing the incidence
angle between the incoming flow and the blade leading edge. A value of 20° provides better flow
alignment, thereby reducing flow separation and associated losses at the impeller inlet. Similar
observations have been reported by previous studies, where a properly set inlet blade angle
significantly reduces incidence losses and improves flow attachment [32], [33]. The outlet blade
angle (B2) significantly influences the energy transfer and pressure rise within the impeller. A
moderate outlet angle of 15° improves the conversion of mechanical energy into fluid energy,
resulting in a more uniform pressure distribution and reduced wake formation. This is consistent
with Euler’s turbomachinery equation, where the tangential velocity component at the outlet
contributes directly to the pressure rise. Previous studies have shown that smaller outlet blade
angles can reduce flow separation and improve pressure recovery in centrifugal fans [34], [35].

The number of blades (n = 10) represents an optimal balance between flow guidance and blockage
effects. A lower number of blades may lead to insufficient flow guidance, while a higher number
increases friction and blockage, causing additional losses. The selected value ensures smoother flow
passage and reduced turbulence intensity. Similar trends have been reported in the literature, where
an optimal blade number minimizes aerodynamic losses and enhances efficiency [36], [37]. The
operating flow rate (Q = 1000 m?/h) corresponds to a near-design condition where the fan operates
close to its best efficiency point (BEP). Under these conditions, flow separation and recirculation
are minimized, thereby improving aerodynamic performance. This behaviour is consistent with

established fan performance theory and previous experimental and numerical studies [38].
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Figure 8. Velocity magnitude and total pressure distributions at the impeller for reference
configuration (a), and optimal configuration (b)
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To understand the reasons for this efficiency enhancement, Figure 8 plots the flow field contours
in the impeller mid-plane section of both configurations. The reference configuration has a non-
uniform velocity contour, with some regions of slow flow and even some signs of flow separation
in the blade passages, all of which contribute to increased aerodynamic losses. The optimal
configuration, however, has a more uniform velocity contour and a smoother acceleration in the
flow through the impeller passages. The lack of slow-flow regions and separation signs suggests a
better flow inside the centrifugal fan, resulting in lower losses. This is consistent with the Taguchi
and ANOVA results, confirming that the efficiency enhancement is indeed due to a better flow
distribution within the centrifugal fan.

4. Conclusion

In this study, a hybrid CFD and Taguchi method was employed to optimize the impeller geometry.
The numerical investigation of the effect of the inlet blade angle, outlet blade angle, number of
blades, and flow rate on efficiency is carried out. The optimal design parameters are determined as
B1 =20° B2 = 15°, n = 10, and Q = 1000 m?/h. Efficiency improves significantly by around
67%. The flow rate is the most important factor, followed by the inlet blade and outlet blade angles,
and the number of blades. The ANOVA analysis was used to verify the results statistically. The
analysis of the flow field revealed a more uniform flow velocity distribution and less flow separation
for the optimized impeller. From the results, it is clear that the CFD-Taguchi framework can be an
efficient tool for optimizing the centrifugal fan and can serve as a reference guide for its design.
Future study will include experimental validation.
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