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ABSTRACT
During the operation of an aero-engine, the leading edge of the fan rotor blade is eroded by airflow, resulting in

changes in the blade leading edge morphology, which in turn affects the overall aerodynamic level of the compression
system. Based on the study of the degradation of fan rotor aerodynamic characteristics by leading edge erosion, the study
was extended to the whole compression system. This paper uses numerical simulation to calculate the flow characteristics
of the compression system for the original blade and fan rotor leading edge roughness Rs=120μm, and analyzes the
aerodynamic performance at the design speed. In the bypass duct near the stall point, The isentropic efficiency of the
eroded blade is 2.082% lower compared to that of the original blade, and the pressure ratio is 0.34% lower compared to
that of the original blade, but the leading edge erosion of the fan blade has relatively little effect on the core duct.

INTRODUCTION
As one of the pillar industries of China's transportation industry, with the rapid increase in the number of middle-

income groups in China, the passenger volume of the civil aviation industry is also rising rapidly.In 2019, the national
civil aviation passenger volume was 660 million passengers (Li, 2020). According to China Southern Airlines' 2019
annual report, jet fuel costs accounted for 31.56% of the total cost(CZ, 2019)which is the largest aviation business
project. On the basis of maintaining the operational safety of civil aircraft, minimizing fuel costs and ensuring fuel
economy have become the goals pursued by civil aircraft manufacturers and operators.

As the thrust source of aircraft, the stable and efficient operation of aeroengine is closely related to the safety of air
transportation. Among them, the fan and compressor are collectively referred to as the compression system. As an
important component of aero-engine, they are used to boost the incoming flow and have an important impact on the
propulsion efficiency and fuel consumption of the engine. However, due to the harsh operating environment of aero-
engine, it is inevitable to inhale impurities such as sand particles and be affected by wind erosion effect, resulting in
surface wear. The leading edge wear is more serious, accompanied by larger roughness. At the same time, the leading
edge will gradually become blunt, which affects the engine efficiency.

In the research of blade leading edge of fan / compressor, the experiments of Wheeler(Wheeler et al,2007) (Wheeler
et al,2009) for single stage compressor show that the flow field structure formed by circular and elliptical front is
different due to the influence of wake. The cascade test conducted by Benner(Benner et al,2003), found that the
development of cascade secondary flow changes with the change of leading edge shape. Reid found that due to
machining error(Reid et al,1973), external damage and corrosion, the blade front edge is easy to convert into blunt. The
results show that the efficiency of the blade profile of blunt leading edge is 3.5% lower than that of the original blade
profile. Song carried out numerical simulation research on the influence of the leading edge shape on the loss of
compressor blade profile. It was found that the use of the continuous curvature blade leading edge can improve the
aerodynamic performance(Song et al,2013). Yu studied the influence of circular arc shape(Yu et al,2015), ellipse and
continuous curvature suction free leading edge on the development of blade boundary layer by numerical simulation
method. It was found that the aerodynamic performance of blade with continuous curvature suction free leading edge was
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better; Li Le numerically simulated the influence of blunt nose leading edge on the development of boundary layer(Li Le
et al,2018), and found that when the angle of attack exceeds a certain range, the blunt nose leading edge will significantly
change the development of boundary layer and affect the whole mainstream flow field.

In the actual operation, the leading edge of the fan will be accompanied by considerable roughness in the process of
transforming into a blunt nose, which will also affect the aerodynamic performance of the blade. Many scholars have
studied the influence of blade roughness on flow. (Bammert et al,1980) conducted comparative experiments by changing
the surface roughness of axial flow compressor blades to study the influence of different roughness levels on compressor
performance. The results show that with the increase of roughness, the aerodynamic performance of blades deteriorates,
and the static pressure ratio decreases significantly. SHI L analyzed the changes of aerodynamic characteristics of the
leading edge of the fan rotor before and after erosion by numerical simulation(SHI L et al,2019), and found that the
greater the chord length change and the greater the roughness, the more obvious the efficiency decline at the design point
of the blade, and the overall characteristics shifted to the direction of flow reduction. However, the fan of ducted fan
engine does not work in isolation. The splitter ring can affect the upstream fan, and the blades in the core and bypass
ducts can also affect the outlet boundary conditions of the fan. So the numerical study of a single fan component can not
well reflect the performance of the fan in the real flow environment. It is necessary to add the core and bypass duct
structure to the numerical simulation of the whole compression system.

Dawes extended the three-dimensional N-S equation of single blade row to the actual ducted fan structure
(Dawes,1991).Through numerical calculation, it was found that the splitter of the internal and external duct can have a
great influence on the upstream through its pressure field. Liu established a good characteristic line with experimental
data at design speed for numerical analysis of multi-stage fan / compressor flow field(Liu et al,2001).Li used NUMECA
3D numerical simulation software to simulate a fan / boost stage with double-channel, and obtained the characteristic
curves of inner and outer ducts(Li et al,2009). Compared with the experimental results, it was found that the 3D
numerical simulation results are reliable around the design point.

At present, there are many researches on the leading edge shape of fan / compressor, but the research is mainly
focused on the performance prediction and measurement of isolated fan blade components. For the actual
turbomachinery, there is mutual interference between different structures. For this phenomenon, it is necessary to carry
out the research in this paper.

RESEARCH OBJECT
In this paper, the compression system of DGEN380 high-bypass-ratio turbofan engine is taken as the research object.

The overall structure and compression system details of the engine are shown in Figure 1. The design parameters of
DGEN380 compression system are shown in Table 1.

Figure 1 DGEN380 turbofan engine and the
compression system Figure 2 plan of observation points

Table 1. Designed parameters of DGEN380 compression system

Parameters Numerical
Number of fan rotors 14
Fan rotor speed (r/min) 12152
Number of fan stators 40
Number of struts 4

Number of impeller blades 11
Impeller speed (r/min) 47816

Number of radial diffuser blades 19
Number of axial diffuser blades 57

The data of design points in this paper are obtained from the engine laboratory WESTT-CS /BV platform of Civil
Aviation University of China, and each component's total pressure and temperature data are obtained from the measuring
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points in each part of the engine (as shown in Figure 2).The current selected working condition is 3000m height, 0.3
Mach speed, -3 ℃ ambient temperature and 43%PLA thrust. Platform data is shown in Table 2.

Table 2. Parameters of designed point

Parameters inlet outlet(core) outlet(bypass)
Mass flow(Kg/sec) 10.5 1.24 9.26
Total temperature(K) 275 478.4 289.8
Total pressure(KPa) 74.8 362.6 86.1

Through the investigation in the engine overhaul plant(Shi et al), it is found that the blade leading edge becomes
blunt and has significant roughness after erosion. The blunt leading edge and roughness are coupled together to form the
eroded blade leading edge morphology (as shown in Figure 2). As the leading edge morphology of real blades is too
complex, the distribution difference of leading edge roughness is ignored in order to simplify the study, and the specific
model is shown in Fig. 3.The left image represents the original profile, the yellow line in the middle image represents the
true leading edge with a roughness Rs=120μm after erosion, and the right image shows the blunt leading edge with no
roughness. In this paper, the original blade and eroded blade are selected for subsequent calculation.

Figure 3 partial enlargement of the
eroded blade leading edge Figure 4 The leading edge model of fan rotor blade

SIMULATION METHOD
The calculation is based on FINE / TURBO in NUMECA, SA-Extended Wall model was selected for calculation.

The simulations is using single passage.The inlet boundary was given the total temperature and total pressure of
incoming flow, and the outlet boundary was given static pressure. Keep the static pressure at the core outlet constant
(near the design point) for obtaining the characteristic curve of the bypass by changing the back pressure at the bypass
duct outlet. Then keep the static pressure at the bypass outlet constant (near the design point) for obtaining the
characteristic curve of the core by changing the back pressure at the core duct outlet. For the fixed wall condition with
roughness, the roughness Rs was converted into the solver identifiable parameter k0 by referring to the surface roughness
related literature. According to Rs= 120μm, ks= 186μm, k0= 6.2μm.The solution formula is as follows.The roughness of
the blunt head leading edge is also set to 6.2μm.

�� = 1.55�� (1) �0 = ��/30 (2)

GRID INDEPENDENCE VALIDATION
The O4H mesh in accordance with turbomachinery was generated in the AutoGrid5 module. In order to verify the

grid independence, the grid templates of 1.94×106、3.38×106、4.3×106 were generated respectively for numerical
simulation calculation. By comparing the calculated results with the measured data of the test platform, when the
pressure ratio of the core and bypass duct is close to the design value, it can be considered that the flow field is close to
the real flow field. In Table 3, total pressure ratio(core) refers to the ratio between the total pressure at the outlet of the
core duct (axial diffuser outlet) and the total pressure at the inlet of the fan rotor, and total pressure ratio(bypass) refers to
the ratio between the total pressure at the bypass duct outlet and the total pressure at the fan rotor inlet. According to
Table 3, the errors among the three numerical calculation results are all within 1.3%, which meets the requirements of
grid independence. the grid templates of 3.38×106 was selected as the calculation grid and the calculation results were
compared with WESTT-CS/BV platform data. The pressure ratio error was less than 5% and the flow error was less than
1.1%, indicating that the current calculation results were reliable for the research.

Table 3 Grid independence analysis

Number of grid Total pressure ratio
(core)

Total pressure ratio
(bypass)

Mass flow(total)
kg/s

Mass flow(bypass)
kg/s

Design value 4.844 1.151 10.5 9.26
1.94×106 4.58 1.17 10.535 9.41
3.38×106 4.63 1.175 10.528 9.3616
4.3×106 4.64 1.178 10.527 9.351
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The y+ value of wall is shown in Figure 5. The mesh thickness of the first layer is 20μm to ensure that y+ of the
rough leading edge wall surface is less than 30 and of the remaining walls is less than 10.

Figure 5 y+ value of wall

RESULTS AND DISCUSSION
For the fan/centrifugal compressor structure in this paper, it can be considered that the fan and the core

duct(including centrifugal compressor) form a core compression system, and the fan and the bypass duct form an bypass
compression system. The core characteristic lines are obtained by the parameters of fan rotor inlet and core duct outlet,
and the bypass characteristic lines are obtained by the parameters of fan rotor inlet and bypass duct outlet.

The inlet and core duct outlet conditions were kept constant, and the bypass duct outlet conditions were changed.
With the bypass mass flow rate as the horizontal coordinate and the isentropic efficiency and pressure ratio as the vertical
coordinates, the graphs of isentropic efficiency and pressure ratio with the change of bypass mass flow rate are plotted (as
shown in Figure 6). As can be seen from the figure, changing the bypass duct outlet conditions will change the bypass
mass flow rate, with the increase of the bypass mass flow rate, the pressure ratio and isentropic efficiency of the bypass
duct will also decrease at the same time, these changes will be transmitted to the core duct, so that the flow and efficiency
of the core duct will also occur a significant decrease.Keeping the inlet and bypass duct outlet conditions unchanged and
changing the core duct outlet conditions.With the core mass flow rate as the horizontal coordinate and the isentropic
efficiency and pressure ratio as the vertical coordinates, the graphs of isentropic efficiency and pressure ratio with the
change of core mass flow rate are plotted (as shown in Figure 7). It can be seen that with the increase of the core mass
flow rate, the pressure ratio and efficiency of the core duct have a significant decrease, but the effect on the bypass duct is
not significant.The equation for the isentropic efficiency is given in (3). Specific heat ratio κ=1.4.

��� =
(
�������∗

������∗ )
�−1
� − 1

�������∗

������∗ − 1
(3)

(a) Flow - efficiency diagram (b) Flow - pressure ratio diagram
Figure 6 Characteristic line diagram(Change of back pressure at bypass duct outlet)
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(c) Flow - efficiency diagram (d) Flow - pressure ratio diagram
Figure 7 Characteristic line diagram(Change of back pressure at core duct outlet)

Figure 8 and Figure 9 show the aerodynamic characteristics of the blade with leading edge roughness Rz=120 μm
and the original blade. The pressure ratio and isentropic efficiency of the eroded blade’s bypass duct of are significantly
lower than that of the original blade,and the characteristic line of the blade changes after the erosion, and the peak
efficiency point gradually shifts to the direction of flow reduction, indicating that the blade erosion causes the flow
capacity of the flow channel to degrade, and the flow state tends to block. At the bypass duct near the stall point,
compared to the original blade,the efficiency of the eroded blade is 2.082% lower and the pressure ratio is 0.34% lower.
However, the pressure ratio and efficiency of the eroded blade’s core duct do not change significantly relative to the
original blade, indicating that the leading edge of the fan blade erosion has relatively little effect on the core duct.

(a) Flow - efficiency diagram (b) Flow - pressure ratio diagram
Figure 8 Characteristic line comparison diagram (Change of back pressure at bypass duct outlet)

(c) Flow - efficiency diagram (d) Flow - pressure ratio diagram
Figure 9 Characteristic line comparison diagram (Change of back pressure at core duct outlet)
At the bypass duct near-stall point, the distribution of isentropic efficiency along the blade radial is shown in figure

10. From 5% blade height position to 30% blade height position,85% blade height position to the tip, the eroded blade
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isentropic efficiency is significantly lower than the original blade, compared with the total pressure ratio along the blade
radial distribution curve in figure 11, the total pressure ratio decline is the main reason for the blade isentropic efficiency
decline. At 10% blade height, the isentropic efficiency of the original blade is 92.054%, which decreases to 76.21% after
erosion, while the total pressure ratio also decreases from 1.194 to 1.155 of the original blade.

Figure 10 Isentropic efficiency radial
distribution

Figure 11 Pressure ratio radial distribution

On the other hand, near the 90% blade height cross-section, the total pressure ratio peaks as the fluid flows through
the blade, leading to an increase in the adverse pressure gradient from the leading edge to the trailing edge, reducing the
fluid flow capacity on the suction side, resulting in a sudden drop in isentropic efficiency at the blade tip. From 85% to
95% of the blade height, the isentropic efficiency decreases about 5% on average after erosion, while the pressure ratio at
90% of the blade height decreases from 1.24 to 1.22. The tip gap causes the tip leakage flow, and the leakage flow
disturbs the overall flow state by mixing with the fluid in the main flow area under centrifugal force. Figure 13 shows the
entropy distribution of S3 stream surface, from front to back is the direction of airflow. It was observed that high entropy
zones were formed near the wall of the eroded blade, and the high entropy zones were mainly distributed at the tip of the
blade, indicating that the flow in the top region of the blade was chaotic and the entropy values were accumulated from
upstream to downstream to form high entropy zones, and the entropy of the eroded blade at the top of the blade increased
significantly relative to the original blade. From Figure 13, it can be seen that the original blade in the near stall point
working conditions under the suction side did not occur airflow separation, when the rotor blade chord length variation
increases to 120 μm, airflow separation occurs at 80% of the blade height of the leading edge, which is consistent with
the trend of the curve of the total pressure ratio of the blade along the radial distribution curve at 80% of the blade height.
Figure 14 shows the distribution of the blade tip gap leakage flow along the chord length of the blade near the stall point.
When the blade is eroded, the direction of the leakage flow out of the blade tip gradually deviates from the mainstream
flow direction, the leakage flow direction at 80% of the blade chord length position occurs obvious changes, indicating
that its ability to overcome the adverse pressure gradient is weakened, and Figure 12 shows that at the blade tip, S3
stream surface entropy value from upstream to downstream continuously accumulates, indicating that the blade tip flow
instability is enhanced. Figure 15 shows the relative Mach number distribution of the B2B surface at 90% of the blade
height. It can be seen that the width of the eroded blade wake area is significantly thickened on the suction side, and the
wake is generated at 50% of the chord length. The wake loss reduces the total pressure and relative velocity at the rotor
blade exit, causing aerodynamic performance degradation.

Blunt_120 Origin Blunt_120 Origin
Figure 12 Entropy distribution cloud map on S3

near stall point
Figure 13 Limit stream line on suction side

near stall point
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Blunt_120 Origin Blunt_120 Origin

Figure 14 Tip leakage flow near the stall point Figure 15 90% blade span relative Mach
number could map near stall point

Figure 16 shows the the work capacity of the erosion blades is significantly lower at 90% blade height, the low
speed zone extends to the blade inlet, compared with Figure 18, it can be seen that significant entropy increase of eroded
blades at 90% blade height.Low-energy fluids are piled up and passes downstream,and finally reduce the total fan
pressure ratio and efficiency. Combined with Figure 17, Figure 19, it can be seen that significant separation bubbles at
the leading edge of the eroded blade, thus leading to an increase in flow loss with a decrease in Mach number.However,
due to the proximity to the root of the blade, the gas flow rate is low, the effect of leading edge erosion is relatively low,
and the entropy increase is not significant.

Blunt_120 Origin
Figure 16 Near-stall point 10%/90% absolute

mach number distribution
Figure 17 Near-stall point 10% span relative

mach number distribution

Blunt_120 Origin Blunt_120 Origin
Figure 18 Near-stall point 10%/90% entropy

distribution
Figure 19 Near-stall point 10% span static

pressure distribution
Figure 20 shows the distribution of the inlet angle and airflow turning angle with blade height. After the leading

edge of the rotor blade is eroded, the inlet angle of the stator blade between 80% of the blade height and the top of the
blade has a significant increase, while the airflow turning angle decreases significantly, combined with Figure 21, the
velocity at 90% blade height of the eroded blade has a significant decrease relative to the original blade, indicating that
the leakage flow from the top of the blade at the eroded blade significantly deviates from the mainstream flow direction,
enhancing the tip flow instability and transmitting to the downstream, leading to a reduction in air flow rate.
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Figure 20 Velocity angle radial distribution
(stator)

Figure 21 90% span absolute mach number
distribution(stator)

After the fluid enters the intermediate case, most of it enters the bypass duct, a small amount of airflow enters the
core duct. Fluid flow in the intermediate case is shown in Figure 22, from 80% blade height to the top of the blade, the
impact of blade erosion has been transmitted to the intermediate case, which causes the total pressure in the bypass area
to decrease significantly, This is the main reason for the decrease in the efficiency of the bypass duct, however, the fluid
in the core duct is not greatly affected, as shown in Figure 23, the trend of the total pressure distribution along the radial
direction at the inlet of the centrifugal impeller for both working conditions is approximately the same, indicating that the
erosion of the fan blade leading edge has little effect on the fluid flow in the core duct.

Blunt_120 Origin
Figure 22 Absolute total pressure distribution of the

intermediate case
Figure 23 Absolute total pressure radial

distribution(impeller inlet)

CONCLUSIONS
In this paper, the change in the aerodynamic characteristics of the compression system after the fan rotor leading

edge erosion is calculated by numerical simulation methods, and the following conclusions are obtained:
1)Fan rotor blade erosion will lead to the degradation of the flow capacity of the flow channel, resulting in changes

of the bypass duct characteristic line, the significant decrease of pressure ratio and isentropic efficiency compared to that
of the original blade, the peak efficiency point gradually shift to the direction of flow reduction, the flow state tends to
block. In the bypass duct near the stall point, The isentropic efficiency of the eroded blade is 2.082% lower compared to
that of the original blade, and the pressure ratio is 0.34% lower compared to that of the original blade, but the leading
edge erosion of the fan blade has relatively little effect on the core duct.

2)The flow of the core and bypass is not isolated, and the flow in the bypass duct significantly affects the flow in the
core duct. At the near-stall point of the bypass, the isentropic efficiency of the bypass increases with 1.71% relative to the
design point, and the isentropic efficiency of the core increases with 0.653%, but the flow variation of the core has no
significant effect on the bypass.

3)From the 5% blade height to the 30% blade height， 85% blade height to the top of the blade, the isentropic
efficiency of the eroded blade is significantly lower than that of the original blade, and the flow loss generated at the top
area of the blade affects the downstream, causing a significant decrease of the total pressure at the bypass duct outlet,
reduces isentropic efficiency and decreases engine thrust.
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NOMENCLATURE
PLA Power Lever Angle
Origin Original profile
Blunt_120 Erosion profileLeading edge with a roughness Rs=120μm
Rs Max. roughness height
ks Original blade
k0 Equivalent Roughness Height (Solver Definition)
��� Isentropic efficiency
������∗

�������∗

������∗

�������∗

κ

Total pressure of inlet
Total pressure of outlet
Total temperature of inlet
Total temperature of oulet
Specific heat ratio
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