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Abstract: The tip clearance and eccentricity of the impeller will affect the aerodynamic performance
of the fan, and the impeller installation and vibration characteristics are relatively highly required
if the tip clearance is too small. A reasonable tip clearance and excellent coaxially are necessary to
ensure that the impeller does not rub with the shell and has superior aerodynamic performance when
the fan is working. In the current study, a mixed flow fan was taken as the object and experimental
explorations were performed on the C-type test rig designed according to GB/T1236 2000 Industrial
fans-performance testing using standardized airways. By moving the airways to change the tip clearance,
it was found that an overlarge tip clearance made the fan efficiency decrease significantly, and the
efficiency change gradient was large. However, the gradient of efficiency change became smaller
when reaching a certain clearance. Similarly, as the eccentricity became larger, the efficiency also
decreased. To explore the influence of the optimal clearance and eccentricity of the fan on the
fan’s performance, numerical simulations of the flow field inside the fan were carried out using
FLUENT software corresponding to the experimental conditions. The influence of the tip clearance
and eccentricity on the aerodynamic performance of the fan was revealed from the energy leakage
perspective. Through theoretical and experimental analysis, we try to provide guidance on the design,
installation and commissioning of fan tip clearance.

Keywords: tip clearance; fan aerodynamic performance; eccentricity; gradient of variation; computational
fluid dynamics

1. Introduction

As a kind of cooling device, mixed flow fans have been widely used in machinery,
petroleum, mining, and other fields. The problems of tip clearance and rotor misalignment
frequently occur during installation, since the fan blades and impeller cover are conical. The
eccentricity due to rotor misalignment and tip clearance are important parameters affecting
fan performance and are indispensable measurement parameters for fan development and
testing [1]. Excessively small clearances or overlarge eccentricities can cause the blade tip
to touch and rub against the impeller cover [2,3], while high speed mechanical friction can
damage the entire engine hardware [4,5]. In the past decades, scholars have conducted
intensive research and made significant progress on this issue.

Jung and Luo et al. argued that tip clearance has a significant impact on fan perfor-
mance [6,7]. Pelz and Suriyanarayanan et al. exposed that variation in tip clearance affects
stability boundaries and performance [8,9]. Li et al. studied the effect of tip clearance
leakage flow on a rotating stall, and found that mixed flow pumps are more likely to stall
under small tip clearances. With the increase of tip clearance, tip leakage vortices develop
radially towards the middle of the flow passage, and severe flow separation occurs in the
downstream passage, leading to deep stall [10]. Pretorius believed that the tip vortex can
be reduced to improve fan performance and experimentally found that increasing the tip
clearance imposes a negative impact on the static pressure efficiency of the fan [11]. The
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axial fan tip vortex system was analyzed by Moghadam via high resolution large vortex
simulations. It was pointed out that as the tip clearance grows, tip leakage, separation, and
induced vortices occur in the tip clearance region, thereby decreasing the fan efficiency [12].
This is because as a rotating component, the power of the fan impeller depends on the
airflow flowing through the blade area. The presence of tip clearance causes a portion
of the airflow to flow away without doing any work and damaging the flow path, and
the efficiency of the fan is subsequently decreased [13]. Meanwhile, strong tip leakage
vortices lead to premature rotational instability [14]. Therefore, in order to improve fan
performance, it is necessary to minimize the tip leakage flow through the clearance as much
as possible [15]. Yet, too small tip clearance can cause blade deformation due to friction
with the casing, and its structural health can be compromised [16].

In the actual manufacture of rotating machinery, quality asymmetries caused by
casting, machining accuracy, and assembly errors will lead to the presence of some ec-
centricity [17,18]. Ren et al. used a combination of a separated vortex simulation and an
acoustic finite element method to investigate the aerodynamic noise of a centrifugal fan
with an eccentric impeller and found that the rotational frequency due to the eccentric effect
of the impeller was significantly higher under eccentric conditions [19]. Tao et al. added
a small eccentricity to the impeller in their simulation of a mixed-flow pump, capturing
a 50 Hz pressure pulsation in both computational and experimental results that were
not predicted in the simulation using a normal impeller [20]. Cao et al. investigated the
effect of impeller eccentricity on centrifugal pump performance and verified that efficiency
decreased with increasing eccentricity.

In this paper, a mixed flow fan was taken as the object and experimental explorations
were performed on a C-type test rig designed according to GB/T1236 2000 Industrial fans-
performance testing using standardized airways. By moving the airways to change the tip
clearance, it was found that an overlarge tip clearance made the fan efficiency decrease
significantly, and the efficiency change gradient was large. However, the gradient of
efficiency change became smaller when reaching a certain clearance. Similarly, with an
increase of eccentricity, the efficiency also decreases. To deeply understand the influence of
these two factors on the fan performance and reveal the cause of energy leakage caused by
clearance and eccentricity, FLUENT software was used to conduct numerical simulations of
the flow field inside the fan corresponding to the experimental conditions. The calculation
and analysis of the internal flow field further enhance the understanding of the physical
phenomena of the flow in the fan. A reasonable clearance range and eccentric error range are
given through theoretical and experimental analysis, which guides the design, installation,
and commissioning of fan blade tip clearance.

2. Experimental Scheme and Result Analysis
2.1. Test Device

Based on the GB/T1236 2000 Industrial fans-performance testing using standardized airways,
a test rig was the designed, of which the C-type test rig, airways inlet, and free outlet are
shown in Figure 1.

Symmetry 2023, 15, x FOR PEER REVIEW 2 of 16 
 

 

clearance imposes a negative impact on the static pressure efficiency of the fan [11]. The 

axial fan tip vortex system was analyzed by Moghadam via high resolution large vortex 

simulations. It was pointed out that as the tip clearance grows, tip leakage, separation, 

and induced vortices occur in the tip clearance region, thereby decreasing the fan effi-

ciency [12]. This is because as a rotating component, the power of the fan impeller depends 

on the airflow flowing through the blade area. The presence of tip clearance causes a por-

tion of the airflow to flow away without doing any work and damaging the flow path, 

and the efficiency of the fan is subsequently decreased [13]. Meanwhile, strong tip leakage 

vortices lead to premature rotational instability [14]. Therefore, in order to improve fan 

performance, it is necessary to minimize the tip leakage flow through the clearance as 

much as possible [15]. Yet, too small tip clearance can cause blade deformation due to 

friction with the casing, and its structural health can be compromised [16]. 

In the actual manufacture of rotating machinery, quality asymmetries caused by cast-

ing, machining accuracy, and assembly errors will lead to the presence of some eccen-

tricity [17,18]. Ren et al. used a combination of a separated vortex simulation and an acous-

tic finite element method to investigate the aerodynamic noise of a centrifugal fan with an 

eccentric impeller and found that the rotational frequency due to the eccentric effect of the 

impeller was significantly higher under eccentric conditions [19]. Tao et al. added a small 

eccentricity to the impeller in their simulation of a mixed-flow pump, capturing a 50 Hz 

pressure pulsation in both computational and experimental results that were not pre-

dicted in the simulation using a normal impeller [20]. Cao et al. investigated the effect of 

impeller eccentricity on centrifugal pump performance and verified that efficiency de-

creased with increasing eccentricity. 

In this paper, a mixed flow fan was taken as the object and experimental explorations 

were performed on a C-type test rig designed according to GB/T1236 2000 Industrial fans-

performance testing using standardized airways. By moving the airways to change the tip 

clearance, it was found that an overlarge tip clearance made the fan efficiency decrease 

significantly, and the efficiency change gradient was large. However, the gradient of effi-

ciency change became smaller when reaching a certain clearance. Similarly, with an in-

crease of eccentricity, the efficiency also decreases. To deeply understand the influence of 

these two factors on the fan performance and reveal the cause of energy leakage caused 

by clearance and eccentricity, FLUENT software was used to conduct numerical simula-

tions of the flow field inside the fan corresponding to the experimental conditions. The 

calculation and analysis of the internal flow field further enhance the understanding of 

the physical phenomena of the flow in the fan. A reasonable clearance range and eccentric 

error range are given through theoretical and experimental analysis, which guides the 

design, installation, and commissioning of fan blade tip clearance. 

2. Experimental Scheme and Result Analysis 

2.1. Test Device 

Based on the GB/T1236 2000 Industrial fans-performance testing using standardized air-

ways, a test rig was the designed, of which the C-type test rig, airways inlet, and free outlet 

are shown in Figure 1. 

 
(a) 

Figure 1. Cont.



Symmetry 2023, 15, 201 3 of 16Symmetry 2023, 15, x FOR PEER REVIEW 3 of 16 
 

 

 
(b) 

Figure 1. Fan performance test rig. (a) Physical drawing of test rig. (b) Structural diagram, where: 

1, inlet; 2, inlet differential pressure measuring hole; 3, flow control valve; 4, rectifying grid; 5, ane-

mometer propulsion device; 6, static pressure measuring hole; 7, conical connecting pipe; 8, protec-

tive cover; 9, test fan; 10, connecting shaft; 11, torque meter; 12, high-speed gearbox; 13, AC variable 

frequency motor; 14, fan support; 15, motor base. 

The whole device consisted of an inlet, flow control valve, airways, rectifier grid, 

torque meter, fan, drive motor, and other components. The following parameters were 

measured by sensors: atmospheric pressure, temperature and humidity, flow rate, and 

static pressure of the fan inlet. The measured results were calculated and processed using 

the system software for the collected signals, and the parameters to be measured are 

demonstrated in Table 1. 

Table 1. Test parameters. 

Serial Number Measurement Parameters (Units) 

1 Atmospheric pressure (Pa) 

2 Temperature (°C) 

3 Humidity (RH) 

4 Static pressure at fan inlet (Pa) 

5 Pipeline downstream pressure (Pa) 

6 Rotational speed (r/min) 

7 Torque (N∙m) 

The experiment realized various automatic detection of fan performance parameters, 

including flow rate adjustment, processing of experimental data, drawing of performance 

curves, and measurement of fan vibration. The experimental conditions are shown in Ta-

ble 2. 

Table 2. Experimental condition. 

Measurement Parameters Value Measurement Parameters Value 

Atmospheric temperature (°C) 26.3 Standard speed (rpm) 5000 

Saturated vapor pressure (Pa) 3422.59 Airways diameter (mm) 600 

Relative humidity (%) 20.74 Impeller diameter (mm) 620 

Atmospheric pressure (Pa) 101,655   

Each sensor converts the detected physical quantities, such as pressure, temperature, 

humidity, torque, and noise, into electrical signals, which are transmitted to the computer 

via analog-to-digital conversion. The system software calculates and processes the col-

lected signals and saves them as fan performance parameters. When a working point test 

is completed, the automatic adjustment of the fan working condition is realized by the 

flow adjustment device. After the parameters are stabilized, the data collection of the next 

working point will be started, and the above process will be repeated until the tes0t data 
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Figure 1. Fan performance test rig. (a) Physical drawing of test rig. (b) Structural diagram,
where: 1, inlet; 2, inlet differential pressure measuring hole; 3, flow control valve; 4, rectifying
grid; 5, anemometer propulsion device; 6, static pressure measuring hole; 7, conical connecting pipe;
8, protective cover; 9, test fan; 10, connecting shaft; 11, torque meter; 12, high-speed gearbox; 13, AC
variable frequency motor; 14, fan support; 15, motor base.

The whole device consisted of an inlet, flow control valve, airways, rectifier grid,
torque meter, fan, drive motor, and other components. The following parameters were
measured by sensors: atmospheric pressure, temperature and humidity, flow rate, and
static pressure of the fan inlet. The measured results were calculated and processed using
the system software for the collected signals, and the parameters to be measured are
demonstrated in Table 1.

Table 1. Test parameters.

Serial Number Measurement Parameters (Units)

1 Atmospheric pressure (Pa)
2 Temperature (◦C)
3 Humidity (RH)
4 Static pressure at fan inlet (Pa)
5 Pipeline downstream pressure (Pa)
6 Rotational speed (r/min)
7 Torque (N·m)

The experiment realized various automatic detection of fan performance parameters,
including flow rate adjustment, processing of experimental data, drawing of performance
curves, and measurement of fan vibration. The experimental conditions are shown in Table 2.

Table 2. Experimental condition.

Measurement Parameters Value Measurement Parameters Value

Atmospheric temperature (◦C) 26.3 Standard speed (rpm) 5000
Saturated vapor pressure (Pa) 3422.59 Airways diameter (mm) 600

Relative humidity (%) 20.74 Impeller diameter (mm) 620
Atmospheric pressure (Pa) 101,655

Each sensor converts the detected physical quantities, such as pressure, temperature,
humidity, torque, and noise, into electrical signals, which are transmitted to the computer
via analog-to-digital conversion. The system software calculates and processes the collected
signals and saves them as fan performance parameters. When a working point test is
completed, the automatic adjustment of the fan working condition is realized by the flow
adjustment device. After the parameters are stabilized, the data collection of the next
working point will be started, and the above process will be repeated until the tes0t data
collection of all working points is completed. After the test, the performance parameters of
each working point of the fan are calculated from the original data, and then according to
the set standard atmospheric parameters and rated speed.
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After the performance conversion of each performance parameter to the standard state,
(detailed formula see GB/T1236 2000 Industrial fans-performance testing using standardized
airways), the fan is used in the standard state of the performance parameters with a sample
interpolation method for curve fitting, enabling the drawing of a fan performance curve.

The impeller diameter of the mixed flow fan used was 0.62 m, and equipped with
9 blades (a hub diameter of 0.11 m). There was no guide vane before or after the fan, the
inlet area and the outlet area were respectively 0.283 m2 and 0.221 m2, and the fan speed
was set at 5000 rpm.

2.2. Experimental Setup

To realize the function of changing the impeller’s installation position relative to the
housing, the airways support mechanism was made into a split type and divided into an
upper part and a lower part. As shown in Figure 1a, the lower part of the airways was
fixed on the guiding straight of the ground guide, thus realizing the front and rear sliding
to adjust the bearing position. The eccentricity between the impeller and the housing was
changed by adding padded rubber pads between the two split devices above (Figure 2b).
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Figure 2. Schematic diagram of tip clearance and impeller eccentricity: (a) tip clearance; (b) im-
peller eccentricity.

2.3. Experimental Results
2.3.1. Effect of Clearance on Fans-Performance Testing

The airways were moved closer to the impeller so that the installation clearance was
7.2 mm, 5 mm, 4 mm, 3 mm, 2.5 mm, 2 mm, and 1.5 mm in that order.

In accordance with the measured parameters (e.g., inlet differential pressure, down-
stream inlet static pressure, torque, and rotational speed), the fan performance parameters
were calculated and converted to the standard condition. The performance curve was plot-
ted using Hermite’s differential equation based on cubic Hermite polynomials, ensuring
that the curve did not exceed the target value and would not produce large oscillations.

The comparison of total pressure efficiency and static pressure efficiency under differ-
ent clearances is shown in Figure 3.

It can be seen that the tip clearance has little effect on the total pressure efficiency and
static pressure efficiency under a flow rate of 0~4 m3/s. As the flow rate increased, the
static pressure efficiency and total pressure efficiency first increased to the highest efficiency
point and then declined. Smaller clearances had higher static and total pressure efficiency,
but clearance and efficiency do not show a linear relationship.

At a flow rate greater than 4 m3/s, increasing the clearance beyond 3 mm has a great
impact on the gradient of fan efficiency change. Increasing the clearance size from 3 mm
to 7.2 mm reduces the maximum static pressure efficiency and maximum total pressure
efficiency by 18.68% and 30.04%, respectively. If the clearance is less than 2.5 mm, increasing
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the clearance has less effect on the gradient of fan efficiency change. At the same time,
increasing the clearance size from 2 mm to 2.5 mm results in the maximums of static
pressure efficiency and total pressure efficiency decreasing by 2.7% and 4%, respectively.
When the clearance size increases from 1.5 mm to 2 mm, the efficiency curves remain
extremely close.
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Figure 3. Comparison of efficiency under different clearances: (a) comparison of static pressure
efficiency under different clearances; (b) Comparison of total pressure efficiency under different
clearances; (c) comparison of peak efficiency under different clearances.

During the installation process, minimizing the clearance at the tip of the leaves
is conducive to improving the aerodynamic performance of the fan. Considering that
the vibration generated by the fan work will lead to touch rubbing, and combined with
comprehensive experimental results, the recommended installation clearance is between
1.5 mm and 2.5 mm.

2.3.2. Effect of Eccentricity on Fans-Performance Testing

The total pressure efficiency and static pressure efficiency of the fan at different ec-
centricity rates are depicted in Figure 4. From the figure, it is apparent that the size of
eccentricity has little effect on the total pressure efficiency or static pressure efficiency of
the fan when the eccentricity is 0~5 m3/s. As the flow rate increases, the static pressure
efficiency and total pressure efficiency increase to the maximum value but decline subse-
quently. In addition, the smaller the eccentricity, the higher the static pressure efficiency
and total pressure efficiency.
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Figure 4. Comparison of efficiency under different eccentricities: (a) comparison of static pressure
efficiency under different eccentricities; (b) comparison of total pressure efficiency under different
eccentricities; (c) comparison of peak efficiency under different eccentricities.

When the flow rate is greater than 5 m3/s, increasing the eccentricity beyond 20%
imposes a huge impact on the gradient of fan efficiency change, the eccentricity increases
from 20% to 60%, and the maximum static pressure efficiency and the maximum total
pressure efficiency decrease by 8.28% and 15.73%, respectively. When the eccentricity
increases from 10% to 20%, the fan efficiency change gradient is smaller, and the maximum
static pressure efficiency and the maximum total pressure efficiency decrease by 0.77%
and 5.36%, respectively. Hence, reducing the eccentricity is beneficial to improve the
aerodynamic performance of the fan when installing the impeller, and the eccentricity error
should preferably be controlled within 10%.

3. Modeling and Simulation

To reveal the characteristics of clearance and eccentricity on flow losses, numerical
simulations are performed under the same operating conditions. The computational
analysis of the internal flow field further enhances the understanding of the physical
phenomena of the internal flow of the fan [21,22], thus providing a basis for the design as
well as the installation and commissioning of the fan.

3.1. Numerical Simulation Method
3.1.1. Modeling

When constructing the impeller model, the model is simplified to not only ensure that
the mesh near the impeller is close to the impeller, but also ensure the quality of the mesh.
Geometric features, such as grooves on the impeller hub, and small geometric structures,
such as small fillets, small chamfers, small holes, on the model are removed. As shown in
Figure 5, the hub is replaced by a cone.
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Figure 5. Impeller model.

After the model was simplified in the UG, it was imported into Design Modeler (DM)
software. This imported model is repaired with small features, and the fluid domain is
extracted in DM. As observed in Figure 6, the fluid domain is divided into inlet fluid
domain, outlet fluid domain, and impeller rotating fluid domain due to the different
requirements for the grid quality of the different fluid domains.
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Figure 6. Fluid domain.

3.1.2. Mesh Division

In the meshing of the inlet section, structured meshes are used for the inlet section,
and unstructured meshes are used in the conical section for better connection with the
impeller area mesh.

It is difficult to achieve the complex shape of the impeller rotating fluid domain using
a structured mesh. In order for the mesh to fit the blade surface better, an unstructured
mesh of 8 mm is used for this region, further encryption is needed in the tip region, and
curvature is used for the blade.

The outlet section area mainly provides several grid encryptions at the exit of the
impeller outer cover. Therefore, the region is divided at the exit of the impeller outer cover,
and an unstructured grid of 8 mm is used for local encryption in this region.

The overall grid side length is set to 60 mm, and the overall grid number is about
7.6 million grids.

3.1.3. Solution Method and Boundary

There is no heat exchange during the flow, thus the energy conservation equation is not
considered. This stems from the idea that the air is considered an incompressible fluid. The
gas is in a steady-state flow, thus constant calculations are used and the effect of gravity on
the flow field is neglected. The realizable k-ε model is selected as the turbulence model [23],
and the standard wall function is used at the near wall surface, and the simple algorithm is
used for the pressure-velocity coupling [24]. The momentum equation, turbulent kinetic
energy phase, and turbulent dissipative phase, are discretized by means of a first-order
windward format method. The convergence criterion is defined as the residuals of all
monitoring terms being less than 1 × 10−3.
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Boundary setting:

1. The inlet is set as mass flow inlet, and the velocity direction is perpendicular to the
inlet boundary.

2. A pressure outlet is used for the outlet and the static pressure is set at zero.
3. The fixed walls all adopt the no-slip boundary condition.

Zone settings:

1. The inlet section and outlet section are stationary zones, the impeller zone is rotating zone,
and the stationary and rotating zones are connected using the intersection interface.

2. The rotational speed of the impeller region is set to 5000 rpm, and the impeller wall surface
is used as the rotational coordinate system and moves with the rotational region.

3.1.4. Grid Independence Verification

In the process of the numerical simulations of the model, the verification of grid
independence is required. For each scenario, the same boundary conditions and solvers are
used for the simulation calculations, and the simulation results are processed to obtain the
total pressure efficiency for each scenario, as shown in Table 3.

Table 3. Grid division scheme.

Scenario Number of Grids Total Pressure Efficiency

1 3,343,365 57.01%
2 6,396,627 64.78%
3 6,814,085 65.17%
4 7,601,490 65.24%
5 8,565,474 65.29%

3.2. Numerical Simulation Results
3.2.1. Efficiency Calculation of Fan

The total pressure of the fan is defined as the sum of the static pressure difference
between the cross section of the fan’s import and export and the axial dynamic pressure
difference, while the rotating dynamic pressure of the fan’s export is not counted in the
total pressure of the fan; thus Equation (1) can be obtained:

pt = pst2 − pst1 +
1
2

ρ

[(
qv

A2

)2
−
(

qv

A1

)2
]

(1)

where pst2 and pst1 are the static pressure at the outlet and inlet of the fan, respectively;
ρ denotes the air density; qv represents the volume flow; A2 and A1 are the outlet and inlet
area of the fan, respectively.

The shaft power of the fan is:

Pa =
T · n
9550

(2)

where T and n represent the torque and speed of the fan, respectively.
Total pressure efficiency is:

ηt =
pt · qv

1000Pa
(3)

Static pressure efficiency is:

ηts =
(pst2 − pst1) · qv

1000Pa
(4)

3.2.2. Analysis of the Effect of Tip Clearance on Fans-Performance Testing

The chosen sizes of the tip clearances are 1.5 mm, 2 mm, 2.5 mm, 3 mm, 4.2 mm,
5.4 mm, and 7.2 mm. At each clearance, the inlet flow is equal to 4.90 m3/s, 6.53 m3/s,
8.16 m3/s, 9.00 m3/s, 9.80 m3/s, 11.42 m3/s, 12.24 m3/s, and 14.70 m3/s.
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As shown in Figure 7, based on the calculation results processed with the help of CFD-post,
the total pressure efficiency and static pressure efficiency of the fan are further obtained.
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Figure 7. Comparison of efficiency under different clearances: (a) comparison of static pressure
efficiency under different clearances; (b) comparison of total pressure efficiency under different
clearances; (c) comparison of peak efficiency under different clearances.

When the air flow is small, the clearance has few effects on the static pressure and
total pressure efficiencies. The static pressure efficiency and total pressure efficiency both
increase and then decrease with an increase in flow rate. At the same time, the smaller the
clearance, the higher the static pressure efficiency and total pressure efficiency. When the
tip clearance increased from 1.5 mm to 2.5 mm, the maximum static pressure efficiency
and maximum total pressure efficiency decreased by 1.26% and 1.76%, respectively. The
maximum static pressure efficiency and maximum total pressure efficiency decreased by
18.87% and 22.84%, respectively, when the tip clearance ulteriorly increased from 3 mm to
7.2 mm. The static pressure efficiency curves of the blade tip clearance between 1.5–2.5 mm
are closer to each other, which is closer to the experimental results.

To analyze the influence of clearance on speed, the longitudinal section of the impeller
is taken to observe the velocity distribution at the tip clearance of the impeller in the circle
out position, as shown in Figure 8.
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The velocity distributions at the tip clearances of 1.5 mm, 2.5 mm, 3 mm, 4.2 mm, and
7.2 mm at a flow rate of 9.8 m3/s are shown in Figure 9. It is evident that the flow direction
at the tip clearance is opposite to the mainstream direction, i.e., the formation of backflow
phenomenon. Meanwhile, a vortex is generated on the suction surface of the impeller. This
can be attributed to the airflow at the tip area of the impeller flowing from the impeller
pressure surface through the tip clearance to the impeller suction surface. A leakage flow
at the tip clearance leads to a leakage vortex near the clearance.
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Simultaneously, the discharge capacity, the size of the leakage vortex, and the affected
area become larger with an increase in tip clearance. This leads to the movement of the
vortex nucleus along the radial center, and the obstruction of the vortex nucleus to the
main stream increases, resulting in increased flow loss. When the clearance is located in a
range of 1.5 mm to 2.5 mm, the leakage vortex size is similar, indicating that the energy
consumption is similar. Hence, the effect on the efficiency is very small.

Since the leakage flow forms leakage vortices of different sizes in the impeller passage
under different clearances, it has a large impact on the flow field of the impeller. Therefore,
the influence of leakage flow with different clearances on the flow field is investigated. In
order to observe the turbulent kinetic energy at the clearance, the transverse section of the
impeller is taken as shown in Figure 10.
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The turbulent kinetic energy distributions of the impeller cross-section at a flow rate
of 9.8 m3/s and at different clearances are depicted in Figure 11.
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The turbulent kinetic energy increases with the increase of tip clearance. As a result of
the influence of leakage flow at the clearance, when the clearance increases, the leakage
vortex also increases accordingly.

The analysis of the numerical simulation results shows that too large of a tip clearance
will lead to more airflow with pressure flowing towards the suction surface and the
formation of a larger leakage vortex, thus leading to a decrease in fan efficiency. When the
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clearance is 1.5~2.5 mm, the efficiency of the fan is less affected by the clearance. This is
almost consistent with the conclusion of the above experimental results. Therefore, the tip
clearance should be installed in this clearance range, whenever possible, to improve the
aerodynamic performance of the fan.

3.2.3. Analysis of the Effect of Eccentric on Fans-Performance Testing

Keeping the clearance at 3 mm and the inlet flow rate at 9.8 m3/s, the size of the
eccentricity distance (e) can be changed to analyze the fan performance changes at different
eccentricity rates (0%, 10%, 30%, 50%, and 60%). At each eccentricity, the inlet flow is 4.90 m3/s,
6.53 m3/s, 8.16 m3/s, 9.00 m3/s, 9.80 m3/s, 11.42 m3/s, 12.24 m3/s, and 14.70 m3/s.

The total pressure efficiency and static pressure efficiency of the fan are obtained by
processing the calculation results through CFD-post (Figure 12). The total pressure efficiency
and static pressure efficiency of the fan decrease with the increase in eccentricity of the
impeller. When the flow rate is too small or too large, the eccentricity has little effect on
the static pressure and total pressure efficiency. Nevertheless, at the highest efficiency point,
which is also the working point of the fan, the eccentricity has a great influence on the
efficiency. An increase in eccentricity from 0% to 10% decreased the maximum static efficiency
and maximum full-pressure efficiency by 0.23% and 0.14%, respectively. Subsequently, the
maximum static pressure efficiency and maximum total pressure efficiency decreased by
1.31% and 1.54%, respectively, due to the increase in eccentricity from 20% to 60%. Therefore,
the requirements for the coaxiality during installation are relatively increased.
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Figure 12. Comparison of efficiency under different eccentricities: (a) comparison of static pressure
efficiency under different eccentricities; (b) comparison of total pressure efficiency under different
eccentricities; (c) comparison of peak efficiency under different eccentricities.

To analyze the effect of eccentricity on the velocity, the cross section shown in Figure 13
is intercepted and the velocity distribution of the impeller is observed at the circled position.
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Figure 13. Impeller eccentricity diagram.

The velocity and streamline distribution of the impeller corresponding to the position
indicated in Figure 13 with eccentricities of 10%, 30%, and 60% are described in Figure 14.
It is obvious that the downward eccentricity of the impeller leads to the increase of the
leakage at the clearance of the upper part of the impeller. The airflow from the pressure
surface to the suction surface at the clearance of upper part of the impeller increases, and
the size and range of the leakage vortex increases, as the eccentricity increases.
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Figure 15 shows the turbulent kinetic energy diagrams of the impeller at the cross-
section of Figure 13 for eccentricities of 10%, 30%, and 60%. With regard to this figure, it can
be seen that the turbulent kinetic energy in the upper part of the impeller is larger than that
in the lower part of the impeller. The larger the eccentricity, the higher the turbulent kinetic
energy at the clearance of the upper part of the impeller. This stems from the downward
eccentricity of the impeller, which causes the clearance in the upper part of the impeller to
be larger than the clearance in the lower part, resulting in more airflow in the upper part of
the impeller passing through the clearance and leaking to the suction surface, and thus the
size and scope of the leakage vortex are larger.
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It is also found that the larger the eccentricity, the larger the turbulent kinetic energy
at the clearance of the upper part of the impeller. This is because with the increase of
eccentricity, the clearance in the upper half of the impeller expands further, which leads to
the increase of leakage volume and the increase of leakage vortex.

4. Conclusions

In this study, the influence of tip clearance and eccentricity on the aerodynamic
experimental performance of a fan were analyzed from both experimental and numerical
calculations, and the following conclusions are obtained:

(1) As the tip clearance becomes larger, both the fan’s total pressure efficiency and static
pressure efficiency decrease. The turbulent kinetic energy increases with the increase of tip
clearance. The airflow at the blade tip area flows from the impeller pressure surface to the
impeller suction surface through the blade tip clearance. A leakage flow at the tip clearance
leads to a leakage vortex near the clearance. As the flow rate increases, the influence of
the backflow vortex in the tip clearance on the total pressure efficiency and static pressure
efficiency increases. The efficiency curves are closer when the tip clearance is approximately
1.5 mm–2.5 mm, indicating that the effect of clearance on efficiency becomes weaker. Consid-
ering that the clearance is too small, the risk of impeller and wall rubbing will be increased,
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resulting in damage to the test system. Therefore, in accordance with comprehensive consid-
eration, 1.5–2.5 mm is deemed as the recommended installation clearance.

(2) The larger eccentricity of the impeller, the lower total pressure efficiency and static
pressure efficiency of the fan. The downward eccentricity of the impeller leads to a larger
clearance in the upper part of the impeller than in the lower part, resulting in more airflow
through the clearance to the suction surface in the upper part, and a larger leakage vortex
size and range. It is also found that the larger the eccentricity, the larger the turbulent kinetic
energy at the clearance of the upper part of the impeller. This is because with the increase
of eccentricity, the clearance in the upper half of the impeller expands further, which leads
to the increase of leakage volume and the increase of leakage vortex. Regardless of whether
the flow rate is too small or too large, the eccentricity has little effect on the static pressure
and total pressure efficiency. However, the highest efficiency point is also the working
point of the fan, and the eccentricity still has a greater impact on the efficiency. Hence, the
coaxiality requirements of the installation are increased, and controlling the eccentricity
within 10% is the most appropriate.
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