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Abstract. In compressor working, unsteady aerodynamic load induced by the interaction of 
stator-rotor blade rows is the main vibration source of blade high cycle fatigue. It has a direct 
influence on fatigue strength of compressor blades. Further research on unsteady aerodynamic 
load has very important significance for improving the service life and reliability of compressor 
blades. Based on an aero-engine compressor rotor system, three-dimensional flow field model of 
former stator and downstream rotor is established. With the method of numerical simulation, 
compressor flow characteristics are solved at different moments. Then the paper analyzes the 
process of stator-rotor interaction and the distribution law of rotor blade aerodynamic load. In 
addition, the effects on rotor blade aerodynamic load are discussed at different pressure ratios, 
rotational speeds and ratios of stator-rotor blade number. The results show unsteady flow field 
area with lower speed is induced by stator-rotor interaction at rotor blade leading edge. When the 
overlap space between stator and rotor channels is the maximum, mass flow and static pressure 
around rotor blade will appear jumping fluctuations. Unsteady aerodynamic load fluctuates 
periodically, and dominant frequencies are manly at frequency doubling of stator-rotor interaction, 
especially at one time frequency (1 × ଴݂). In the interaction period ܶ, variations of aerodynamic 
load on pressure and suction surfaces take the contrary trend, magnitude and pulsation amplitude 
on pressure surface are far greater than that on suction surface. Effects of pressure ratio on pressure 
and suction surfaces are consistent, and the magnitude of aerodynamic load increases with 
pressure ratio. Rotational speed and stator-rotor blade number ratio affect the magnitude of 
aerodynamic load on suction surface more heavily than that on pressure surface. With the 
increasing of rotational speed, unsteady characteristics of aerodynamic load are enhanced. 
Besides, pulsation amplitude and peak value of unsteady aerodynamic load reach the maximum 
when stator-rotor blade number ratio ߣ = 1. This research provides the theoretical basis for 
dynamics design of aero-engine compressor rotor system 
Keywords: compressor rotor system, stator-rotor interaction, unsteady flow field, aerodynamic 
load, distribution law, frequency analysis. 

1. Introduction 

Aero-engine is increasingly to face the trend of higher load, efficiency and reliability, which 
requires compressor aerodynamic characteristics must be deeply taken into consideration. 
Stator-rotor interaction between blade rows is the inherent characteristic of compressor 
aerodynamic, it affects compressor working performance heavily and has become one of key 
problems in an aero-engine aerodynamic and structural design. 

Due to the interaction of stator-rotor blade rows, internal flow field is unsteady and complex 
in compressor working, which not only affects compressor working performance, but also makes 
compressor blades bear unsteady aerodynamic load. It is the main vibration source of high cycle 
fatigue, and has a direct influence on compressor blade fatigue strength. Therefore, further 
research on unsteady aerodynamic load induced by stator-rotor interaction has very important 
significance for improving the service life and reliability of compressor blades. 

Research on stator-rotor interaction between blade rows can be traced back to 1977 Erdos’ 
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work [1], he took advantage of theoretical analysis method to calculate the transonic unsteady 
flow field. Then Gundy-Burlet [2], He [3] and Arnone [4] et al. applied the different schemes to 
solve the unsteady disturbances of 2D and 3D flow field. With the development of research, more 
and more scholars begin to pay attention to the unsteady disturbances induced by stator-rotor 
interaction [5]. The update of test instrument and method makes the experiment possible to 
investigate stator-rotor interaction. Sentker and Riess [6] installed and operated a flow measuring 
system based on split-film probes to study the wake-blade interaction in axial compressor. Gorrell 
and Okiishi et al. [7] performed a test on the U.S. Air Force’s Stage Matching Investigation rig to 
discuss the effect of blade-row spacing on stator-rotor interaction. Shuang and Shaowen et al. [8] 
developed the experiment in a low-speed cascade wind tunnel to explore the effect of suction 
boundary layer on aerodynamic performance. 

In recent years, computational fluid dynamics and computer hardware performance have 
achieved rapid development. Researchers can take numerical simulation method to investigate the 
complex flow inside compressor. Compared with experimental study, numerical method can not 
only obtain very rich details of unsteady flow field, but also can easily develop various ideal 
numerical experiments. Moreover, numerical simulation can be carried out in a relative broad 
range of parameters. Hence, it can save the research costs, shorten the research period, and also 
can explore and discover new physical phenomena to further promote the development of 
experiment and theoretical basis [11, 12]. Kulisa [13] and ZHAO [14] et al. adopted the numerical 
method to simulate the change process of passing wakes induced by stator-rotor interaction. 
Gnesin [15] and Mingming [16] et al. respectively researched the effects of oscillating and curved 
blades on compressor unsteady flow field. Beheshti [17] and Lu [18] et al. considered the influence 
of tip clearance and leakage flow on aerodynamic stability. Then Mischo [19], Houghton [20] and 
Kim [21] et al. found recess blade tips and casing grooves could improve compressor performance 
and stability. 

Summarizing the related researches, most scholars focus on the analysis of compressor internal 
unsteady flow field, but few scholars concentrate on the effects of stator-rotor interaction on 
compressor rotor blade aerodynamic load. In this paper, unsteady 3D rotating flow field of an 
aero-engine compressor is simulated with the numerical method. Then it analyzes the process of 
stator-rotor interaction and the distribution law of rotor blade aerodynamic load. In addition, the 
effects on rotor blade aerodynamic load are discussed at different pressure ratios, rotational speeds 
and ratios of stator-rotor blade number. 

2. Research object and method 

2.1. Control equations 

Compressor internal fluid movement belongs to highly non-linearly, complex 3D viscous 
turbulent motion [22, 23]. It needs to satisfy the basic conservation laws, including the law of 
mass conservation (continuity equation), the law of momentum conservation (momentum 
equation or N-S equation) and the law of energy conservation (energy equation). Continuity 
equation describes the nature of fluid mass conservation in flow process. Continuity equation is 
expressed as: ∂ݐ∂ߩ + ݔ∂(ݑߩ)∂ + ݕ∂(νߩ)∂ + ݖ∂(ݓߩ)∂ = 0. (1)

Momentum equation describes the nature of fluid momentum conservation in flow process, it 
is Newton’s second law expression which is analysis of tiny control body force and movement. 
Momentum equation is expressed as: 
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ەۖۖۖ
۔ۖۖ
ݑߩdiv൫ۓۖۖۖ ሬܸԦ൯ = div(ߤ ⋅ gradݑ) − ݔ∂݌∂ − ቎∂ ቀݑߩᇱଶቁ∂ݔ + ∂൫ݑߩᇱνᇱ൯∂ݕ + ∂൫ݑߩᇱݓᇱ൯∂ݖ ቏ + ܵ௨,

div൫ݒߩ ሬܸԦ൯ = div(ߤ ⋅ gradݒ) − ݕ∂݌∂ − ቎∂൫ݑߩᇱνᇱ൯∂ݔ + ∂ ቀݒߩᇱଶቁ∂ݕ + ∂൫ݒߩᇱݓᇱ൯∂ݖ ቏ + ܵ௩,
div൫ݓߩሬܸԦ൯ = div(ߤ ⋅ gradݓ) − ݖ∂݌∂ − ቎∂൫ݑߩᇱݓᇱ൯∂ݔ + ∂൫ݒߩᇱݓᇱ൯∂ݕ + ∂ ቀݓߩᇱଶቁ∂ݖ ቏ + ܵ௪.

 (2)

Energy equation: 

div൫ߩሬܸԦܶ൯ = div ൬ܿܭ gradܶ൰ + ቎− ∂ ቀݑߩ′ܶ′ቁ∂ݔ − ∂ ቀݒߩ′ܶ′ቁ∂ݕ − ∂ ቀݓߩ′ܶ′ቁ∂ݖ ቏ + ்ܵ. (3)

In formulas, components of velocity vector ሬܸԦ  in ݔ ݕ , ݖ ,  direction are respectively ݑ ݒ ,  is the gas ݌ ,is the coefficient of fluid dynamic viscosity (Pa.s) ߤ ,is the fluid density ߩ ,(m/s) ݓ  ,
pressure, ܵ௨, ܵ௩ and ܵ௪ are the general source terms in the momentum conservation equation, ܶ 
is the thermodynamic temperature (K), ܿ is the specific heat capacity (J/(kg.K)), ܭ is the fluid heat 
transfer coefficient (W/(m2.K)). Here ்ܵ is the viscous dissipation item, and it represents the fluid 
inner heat source and heat energy part converted from mechanical energy due to the viscous effect. 

Above Eq. (1)-(3) have the seven unknown variables, they are ߩ ,ܶ ,݌ ,ݓ ,ݒ ,ݑ and Reynolds 
stress. In order to make the basic equations closed for solving, there is also a need for the additional 
gas state equation and turbulence model. 

For the ideal gas state equation: ݌ = (4) ,ܴܶߩ

where ܴ is the molar gas constant. 
This paper chooses standard ݇-ߝ turbulence model [24, 25], and Reynolds stress is expressed 

as a function of turbulent viscosity coefficient ߤ௧ . According to Boussinessq hypothesis, 
turbulence viscosity coefficient ߤ௧ is defined with the turbulent pulsating kinetic energy ݇ and 
turbulent energy dissipation rate ߝ. ݇ equation: ∂∂ݐ (݇ߩ) + ௜ݔ∂∂ (௜ݑ݇ߩ) = ௝ݔ∂∂ ቈ൬ߤ + ௞൰ߪ௧ߤ ௝቉ݔ∂݇∂ + ௞ܩ − .ߝߩ (5)

ݐ∂∂ :equation ߝ (ߝߩ) + ௜ݔ∂∂ (௜ݑߝߩ) = ௝ݔ∂∂ ቈ൬ߤ + ఌ൰ߪ௧ߤ ௝቉ݔ∂ߝ∂ + ଵܥ ߝ݇ ௞ܩ − ߩଶܥ ,ଶ݇ߝ (6)

where ݇ is the turbulent energy, ߝ is the turbulent dissipation rate, ߤ௧ is the turbulence viscosity 
coefficient, ߤ௧ = ߝ/ఓ݇ଶܥߩ ଵܥ . ଶܥ ,1.44 = ఓܥ ,1.92 = = ௞ߪ ,0.09  ఌߪ ,1.0 = = 1.3, they are the 
constants. 

In the researched compressor, the axial velocity is subsonic. It is assumed that flow parameters 
are unchanged along the circumferential direction. At the inlet boundary, initial values for total 
pressure and total temperature are given, while at the outlet boundary the static pressure is  
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imposed. Based on the isentropic relation, system boundary conditions can be represented in the 
following form. 

Before stator: 

଴݌ = ,ݔ)଴݌ ,ݕ ,(ݖ ଴ܶ = ଴ܶ(ݔ, ,ݕ ,(ݖ ߙ = ,ݔ)ߙ ,ݕ ,(ݖ ߛ = ,ݔ)ߛ ,ݕ ,(ݖ ݀ ൬ݓ − 2ܽχ − 1൰ = 0. (7)

Behind rotor: ݌ = ,ݔ)݌ ,ݕ ݌݀   ,(ݖ − ܽଶ݀݌ = 0, ݑ݀ − (߱ଶݎ − ݐ݀(ݒ2߱ = 0, ݒ݀ + ݐ݀ݑ2߱ = 0,݀ ൬ݓ + 2ܽχ − 1൰ = 0, (8)

where ܽ = ඥ߯(ߩ/݌) is the sound velocity, ݌଴  and ଴ܶ  are the total pressure and the total 
temperature, ߙ  and ߛ  are the flow angles in the circumferential and meridional directions 
respectively, ߯ is the ratio of the fluid specific heats, ߱  is the compressor rotational angular 
velocity. 

No-slip boundary and adiabatic wall boundary are set, here gradients of wall temperature and 
pressure are zero. That is: ∂ܶ∂݊ = 0, ݊∂݌∂ = 0, (9)

where ሬ݊Ԧ denotes the direction of wall external normal line. 
To obtain the system initial condition, steady flow field is calculated. Based on the result of 

steady analysis, the research initiates the unsteady flow field analysis. This can improve the 
convergence speed of calculation.  

2.2. Physical model and boundary conditions 

This research takes 3D flow field of former stator and downstream rotor as the research object, 
numbers of stator and rotor blades are equal to 38. Single-sector flow channel is selected as the 
calculation domain, and it is divided into two parts: stator and rotor. Structured hexahedral grid is 
generated with the professional preprocessing tool of commercial CFD software. In order to verify 
that the grid is independent, three kinds of grids have been generated at different densities, element 
numbers are respectively 106758, 158346 and 210415. After calculation mass flow and isentropic 
efficiency are obtained, as shown in Table 1. 

Table 1. Mass flow and isentropic efficiency in three kinds of grids 
Element number Mass flow / kg·s-1 Isentropic efficiency / % 

106758 0.4962 83.20 
158346 0.4948 83.56 
210415 0.4957 83.34 

Table 1 exhibits that mass flow and isentropic efficiency change very little with the increasing 
of element number. Variation in mass flow is less than 0.3 %, and variation in isentropic efficiency 
is less than 0.5 %. Furthermore, contours of parameters are basically the same in the stream  
surface. Hence, it can draw a conclusion that the simulation result and grid are independent. 

To improve the efficiency of calculation, element number of 106578 is adopted in the research. 
Here rotor element number is 31046, and stator element number is 75712. After checking, it shows 
grid aspect ratio is less than 5, orthogonality is greater than 10, and extension ratio is less than 
1000. So there confirms the quality of grid is good, specific models are shown in Fig. 1. 
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a) Structure of flow field 

 
b) Mesh of stator-rotor flow field 

 
c) Single-sector flow channel 

Fig. 1. Models of computation 

Compressor operating rotational speed is 11383 rpm, boundary type of inlet total pressure and 
outlet static pressure is adopted. Solid wall is no-slip and adiabatic, and medium is compressible 
ideal air. Inlet total pressure ௜ܲ௡௟௘௧ is 1.0 atm, inlet temperature ௜ܶ௡௟௘௧ is 300 K, and outlet static 
pressure ௢ܲ௨௧௟௘௧ is 1.08 atm, outlet temperature ௢ܶ௨௧௟௘௧ is 300 K. Axial length of rotor blade rows ܥ௫ is 0.03731 m, blade pitch is 0.04369 m, as shown in Fig. 2. 

 
a) 2D boundary of blade-disc flow field 

 
b) 3D flow channel of the single sector 

Fig. 2. Boundary condition of compressor flow field 

For further analysis, five measuring points are set near the blade tip at 90 % ℎ, where ℎ is rotor 
blade height. And they are marked with 1, 2, 3, 4 and 5, as shown in Fig. 3(a). Besides, five 
sections are set in the rotor domain and marked with S1, S2, S3, S4 and S5. They are respectively 
located at stator-rotor interface, blade leading edge, blade central edge, blade trailing edge and 
rotor outlet, as shown in Fig. 3(b). 

 
a) Measuring points near rotor blade tip 

 
b) Measuring sections in rotor domain 

Fig. 3. Layout of measuring points and sections 

3. Numerical results and discussions 

Compressor stator-rotor interface is processed with sliding mesh. Firstly, implicit coupled 
method is set to solve steady analysis for 500 steps. Then taking the obtained steady flow as the 
initial field, unsteady analysis is initiated. Considering rotational speed and time consuming of 
unsteady calculation, physical time step is set for ܶ/60, and it is 2.31×10-6 s. Here ܶ is stator-rotor 
interaction period. Virtual iteration number is set for 20, total calculation iteration number is set 
for 2280. 
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In the simulation process, residuals and coefficients of moment, drag and lift are monitored, 
as shown in Fig. 4. 

Fig. 4 shows the convergence curves of monitoring parameters, as can be found monitoring 
curves begin to fluctuate periodically after 0.003 s (about 20 times of interaction period ܶ), the 
calculation has been convergent. This periodic fluctuation is induced by stator-rotor interaction. 
Except for using the monitoring value of characteristic parameters, the deviation of mass flow 
between inlet and outlet is also taken as an important evaluating criterion of calculation 
convergence. Table 2 shows the value and deviation of mass flow at inlet and outlet. 

 
a) Residuals 

 
b) Moment coefficient 

 
c) Drag coefficient 

 
d) Lift coefficient 

Fig. 4. Convergence curves of monitoring parameters 

As shown in Table 2, the deviation of mass flow between inlet and outlet is 0.0023 kg·s-1. And 
mass flow of inlet is nearly equal to mass flow of outlet, which further illustrates the calculation 
has been convergent. 

Table 2. Value and deviation of mass flow at inlet and outlet 
Inlet mass flow / (kg·s-1) Outlet mass flow / (kg·s-1) Deviation / (kg·s-1) 

0.4973 0.4950 0.0023 

3.1. Unsteady disturbance of flow field induced by stator-rotor interaction 

After computing 20 times of interaction period ܶ, the curves of residuals and coefficients of 
moment, drag and lift fluctuate periodically well. In the same time mass flow of inlet and outlet is 
conservative, which indicates numbercial simulation has been convergent. Then speed contour 
maps of the steady and unsteady flow are extracted, as shown in Fig. 5. 

As can be found from the speed contour maps in Fig. 5, each flow channel will produce a wake 
when airflow moves from former stator into downstream rotor. This wake extends from stator 
blade trailing edge to rotor blade leading edge. Speed contour map of steady flow field shows the 
wake morphological characteristic in natural flow. After applying rotational speed, former stator 
wakes are swept periodically by rotor blades. It takes heavy unsteady disturbance to rotor flow 
field, and lower speed area is generated at rotor blade leading edge. Unsteady flow field is the 
result of stator-rotor interaction. Crashes between former stator wakes and rotor blades cause the 
energy loss, airflow is stranded at rotor blade leading edge, and lower speed area is formed. 

In Fig. 6 are amplitude-frequency curves of measuring points. According to the experience, 
aerodynamic load changes more obviously near rotor blade tip, so measuring points are set in  
there. M1-M5 and N1-N5 represent the measuring points from blade leading edge to trailing edge 
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on pressure and suction surfaces respectively. ܥ௣ is the dimensionless dynamic pressure. Number 
of rotor blades is 38, hence at the working speed of 11383 rpm stator-rotor interaction frequency 
( ଴݂) is approximately 7200 Hz. 

a) Steady flow b) Unsteady flow 
 

c) Wakes contrast 
Fig. 5. Speed contour maps of steady and unsteady flow 

 
a) Pressure surface 

 
b) Suction surface 

Fig. 6. Amplitude-frequency curves of measuring points 

Fig. 6 shows dominant fluctuation frequencies of aerodynamic load are manly at frequency 
doubling of stator-rotor interaction, especially at one time frequency (1× ଴݂ ). It illustrates 
stator-rotor interaction has a direct influence on aerodynamic load. Peaks of dynamic pressure on 
pressure surface are all at a relatively high value, while on suction surface the high values are only 
at N4 and N5. The airflow goes through rotor blade trailing edge, and flow separation occurs. 
Coupled with the effect of wakes, dynamic pressure increases heavily. Hence, the amplitudes of 
pressure and suction surfaces are both maximum at blade trailing edge. 

In Fig. 7 are mass flow and static pressure curves of the section S1, S2, S3, S4 and S5 at 
0.004 s-0.005 s. 

Fig. 7 shows that rotor flow field has been stable and convergent. Mass flow and static pressure 
in each section fluctuate periodically in sine or cosine law, the pulsation period is equal to 
stator-rotor interaction period ܶ. It illustrates the disturbance of stator-rotor interaction plays a 
major role in unsteady flow of compressor rotor. 

Comparing mass flow and static pressure in each section, it shows curves of mass flow and 
static pressure in section S1-S5 move backwards in order with time consuming, which reflects the 
process that airflow goes through each section along the axial direction. Meanwhile noted that in 
section S1, S3, S4 and S5 static pressure is the minimum, when mass flow is the maximum. It 
corresponds with the flow rule that pressure is lower and mass flow is greater. But the flow rule 
is aberrant in section S2, static pressure is the maximum when mass flow is the maximum. It is 
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because section S2 is located at the rotor blade leading edge, when former stator wakes are in 
crash with rotor blades, part of airflow is stranded at the rotor blade leading edge. With the 
increasing of stranded airflow, static pressure will increase. So in section S2 mass flow is the 
maximum, and static pressure is the maximum too. 

In addition, from the positions of A, B, C and D in Fig. 7, it can be found mass flow curves in 
section S2 and S4 as well as static pressure curves in section S2 and S3 appear once jumping 
fluctuation in each period ܶ. 

 
a) Mass flow curves 

 
b) Static pressure curves 

Fig. 7. Mass flow and static pressure curves of measuring sections 

a) Section S2 b) Section S3 
 

c) Section S4 
Fig. 8. Curves of mass flow and static pressure in stator-rotor interaction period ܶ 

In Fig. 8 are mass flow and static pressure curves of section S2, S3 and S4 in stator-rotor 
interaction period ܶ, jumping fluctuations are shown in position A, B, C and D at approximately ܶ/2. This phenomenon particularly appears at blade leading edge, as shown in A and B of  
Fig. 8(a). In addition, noted that pressure of section S3 and mass flow of section S4 are also 
affected and occur small amplitude fluctuations.  

The jumping fluctuations are because that overlap space between stator and rotor channels is 
the maximum at approximately ܶ/2, the increasing airflow makes attack angle of rotor blade 
changes largely. Flow intake angle varies with the blade attack angle, so flow field around rotor 
blade changes suddenly. Section S2, S3 and S4 are all through rotor blade, hence static pressure 
and mass flow appear the jumping fluctuations. Besides, section S2 is at the blade leading edge, 
and coming flow affects it first, so jumping fluctuations are more obvious.  

3.2. Unsteady aerodynamic load distribution of rotor blade surface 

After preliminary analysis of rotor flow field, finding that unsteady aerodynamic load induced 
by stator-rotor interaction is periodic [26, 27], it can be regarded as the composition of harmonic 
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excitations. Transformation with Fourier series: 

(ݐ)ܨ = ଴ܨ + ෍ ௥ାஶܨ
௥ୀଵ sin(߱ݎ଴ݐ + ߮௥), (10)

where ߱଴ is the fundamental frequency of periodic excitation, ܨ଴ is the constant of excitation 
force, ܨ௥ and ߮௥ are respectively amplitude and initial phase of the ݎ-order harmonic. Expressed 
as follows: 

߱଴ = ଴ߒߨ2 ଴ܨ   , = ܽ଴2 , ௥ܨ = ඥܽ௥ଶ + ܾ௥ଶ, ߮௥ = tanିଵ ܽ௥ܾ௥, (11)

۔ۖەۖ
௥ܽۓ = 2ܶ଴ න ,ݐ݀ݐ଴߱ݎcos(ݐ)ܨ ݎ = 0, 1, 2, … ,బ்଴ܾ௥ = 2ܶ଴ න ,ݐ݀ݐ଴߱ݎsin(ݐ)ܨ ݎ = 1, 2, … .బ்଴

(12)

Above aerodynamic excitation force can be further expressed as: (ݐ)ܨ = ଴ܨ + ݐଵsin(߱଴ܨ + ߮ଵ) + ݐଶsin(2߱଴ܨ + ߮ଶ) + ⋯ + ݐ଴߱ݎ)௥sinܨ + ߮௥), (13)

where ܨ଴ is the amplitude of steady force on blade surface, ܨଵsin(߱଴ݐ + ߮ଵ) is the first harmonic 
excitation force, ܨଶsin(2߱଴ݐ + ߮ଶ) is the second harmonic excitation force, ܨ௥sin(߱ݎ଴ݐ + ߮௥) is 
the ݎ-order harmonic excitation force. Typically, the frequency of ݎ-order harmonic excitation 
force is ݎ times of fundamental frequency ߱଴. 

Amplitude of the first harmonic excitation force is far greater than amplitude of other orders. 
Excitation force amplitude decreases with the increasing of excitation order. So aerodynamic 
excitation force induced by stator-rotor interaction can be simplified as the sine excitation force: (ݐ)ܨ = ଴ܨ + ݐଵsin(߱଴ܨ + ߮଴), (14)

where ܨଵ is the fluctuation amplitude, ߮଴ is the initial phase. 
Rotor blades bear ଴ܰ times unsteady disturbances induced by stator-rotor interaction in each 

rotor revolution ( ଴ܰ is the number of rotor blades, where ଴ܰ = 38). The fundamental frequency 
of aerodynamic excitation force can be expressed as: ω଴ = ଴ܰ݊/60, (15)

where ݊ is the rotational speed r/min. 
In addition, aerodynamic excitation force also can be achieved by the integral of blade surface 

pressure at one moment. That is: (ݐ)ܨ = ර ஐ(ݐ)ܲ (16) ,ݏ݀

where Ω  represents the vector integral along blade surface, ܲ(ݐ) is aerodynamic pressure 
distribution at the moment of ݐ. The surface of rotor blade is constant, hence the variation of 
aerodynamic excitation force can be reflected by the pressure variation on rotor blade. 

In order to further study the variation of aerodynamic load, aerodynamic pressure on suction 
and pressure surfaces is monitored. In Fig. 9 are the variation curves of aerodynamic load on rotor 
blade. 

As shown in Fig. 9, when compressor flow field reaches the steady state, aerodynamic load on 
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pressure and suction surfaces is convergent. In Fig. 9(a) are the time domain curves of 
aerodynamic load on pressure and suction surfaces. It is shown after 0.003 s curves begin to 
fluctuate periodically in sine or cosine law. Hence, aerodynamic load is the unsteady pulsation 
pressure. What’s more, the convergent value of aerodynamic load on pressure surface (1.09 atm) 
is far greater than the convergent value on suction surface (0.86 atm). And the pulsation amplitude 
of aerodynamic load on pressure surface is obviously higher than the pulsation amplitude on 
suction surface. 

 
a) Time domain curves 

 
b) Amplitude-frequency curves 

Fig. 9. Variation curves of aerodynamic load on rotor blade 

In Fig. 9(b) are the amplitude-frequency curves of aerodynamic load on pressure and suction 
surfaces. As can be found that peak frequencies of pressure and suction surfaces are consistent, 
and both are frequency doubling of stator-rotor interaction. Moreover, one time frequency (1× ଴݂) 
component takes a dominant position, the amplitudes of double frequency (2× ଴݂) and higher order 
frequency are smaller. Hence, aerodynamic load on rotor blade is mainly affected by the 
stator-rotor interaction. Furthermore, peak value of aerodynamic load on pressure surface is 
greater than that on suction surface, it illustrates unsteady flow on pressure surface is even  
stronger. 

According to above analysis, the distribution of aerodynamic pressure on rotor blade has been 
basically mastered. In order to obtain the distribution details further, it exhibits variation curves 
and contour maps of aerodynamic pressure on rotor pressure and suction surfaces at period ܶ, as 
shown in Fig. 10-Fig. 12. 

 
a) Pressure surface 

 
b) Suction surface 

Fig. 10. Variation curves of rotor blade aerodynamic pressure at period 

In Fig. 10, aerodynamic pressure on pressure surface reaches the minimal value at 5ܶ/8, and 
reaches the maximum value at ܶ. While on suction surface aerodynamic pressure reaches the 
maximum value at ܶ/2, and reaches the minimal value at ܶ. Except the moments of extreme 
points have a little different, aerodynamic pressure variations on pressure and suction surfaces 
take the contrary trend. Specific details as shown in Fig. 11-Fig. 12. 

In Fig. 11 are the contour maps of aerodynamic pressure on rotor blade pressure surface. It is 
shown that aerodynamic pressure decreases gradually from ܶ/8 to ܶ/2, and reaches the minimal 
value at ܶ5/8. Then aerodynamic pressure begins to rise, and reaches the maximum value at 
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approximately ܶ. This is consistent with the variation of aerodynamic pressure in Fig. 10(a). In 
the interaction period ܶ, pressure vortexes which are aroused at the leading edge move from the 
bottom of pressure surface to the top (①, ②, ③, ④ position). When arriving at the top of 
pressure surface, contour gradient is the greatest, and aerodynamic pressure reaches the maximum. 
Then pressure vortexes continue to move from leading edge to trailing edge (⑤, ⑥, ⑦, ⑧ 
position). Finally, pressure vortexes move off rotor blade to the outlet domain. Contour gradient 
becomes smooth, and aerodynamic pressure reaches the minimum value. It illustrates that 
variation processes of pressure vortexes and aerodynamic load are consistent. 

a) ܶ/8 b) ܶ/4 c) 3ܶ/8 
 

d) ܶ/2 

e) 5ܶ/8 f) 3ܶ/4 
 

g) 7ܶ/8 
 

h) ܶ 
Fig. 11. Aerodynamic pressure contour maps of rotor blade pressure surface 

 
a) ܶ/8 b) ܶ/4 c) 3ܶ/8 

 
d) ܶ/2 

 
e) 5ܶ/8 f) 3ܶ/4 

 
g) 7ܶ/8 

 
h) ܶ 

Fig. 12. Aerodynamic pressure contour maps of rotor blade suction surface 

In Fig. 12 are the contour maps of aerodynamic pressure on rotor blade suction surface. 
Compared with pressure surface, aerodynamic pressure on suction surface is clear different. Low 
pressure areas are found at the leading edge of suction surface in the whole period ܶ. It is the result 
of crash between coming flow and suction surface leading edge, which counteracts part of 
aerodynamic force. At the central and trailing edge, the gradient of aerodynamic pressure changes 
obviously. Aerodynamic pressure increases gradually from ܶ/8 to ܶ/2, and reaches the maximum 



1700. EFFECTS OF STATOR-ROTOR INTERACTION ON UNSTEADY AERODYNAMIC LOAD OF COMPRESSOR ROTOR BLADES.  
HUIQUN YUAN, WENJUN YANG, TIANYU ZHAO, MINGXUAN LIANG 

2602 © JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. AUG 2015, VOLUME 17, ISSUE 5. ISSN 1392-8716  

value at ܶ/2. Then aerodynamic pressure begins to decreases, and reaches the minimal value at 
approximately ܶ . Similarly it is consistent with the variation of aerodynamic pressure in  
Fig. 10(b). In addition, there are also the transmission and dissipation of pressure vortexes on 
suction surface. But pressure vortexes mainly focus at the central and trailing edge. Compared 
with pressure surface, the strength of pressure vortexes on suction surface is a bit weaker. 

3.3. Effects of different pressure ratios, rotational speeds and ratios of stator-rotor blade 
number on rotor blade aerodynamic load 

As the basic parameters of compressor, pressure ratio (ߨ∗), rotational speed (݊) and ratio of 
stator-rotor blade number (ߣ) take an important influence on stator-rotor interaction. Assuming 
rotor geometry parameters (including rotor blade number) are unchanged, the pressure ratio, 
rotational speed and ratio of stator-rotor blade number are adjusted to discuss the effects on rotor 
blade aerodynamic load. 

3.3.1. Pressure ratio 

Keeping the rotational speed and inlet pressure unchanged, outlet pressure is respectively 
adjusted to the value of 1.05 atm, 1.08 atm and 1.10 atm, and different pressure ratios are obtained 
(where ߨ∗ = ௢ܲ௨௧௟௘௧/ ௜ܲ௡௟௘௧, ௜ܲ௡௟௘௧ = 1.00 atm). Then the distribution of aerodynamic load on rotor 
blade is discussed at different pressure ratios, as shown in Fig. 13-Fig. 14. 

 
a) Pressure surface 

 
b) Suction surface 

Fig. 13. Time domain curves of rotor blade aerodynamic load at different pressure ratios 

 
a) Pressure surface 

 
b) Suction surface 

Fig. 14. Amplitude-frequency curves of rotor blade aerodynamic load at different pressure ratios 

In Fig. 13 are time domain curves of rotor blade aerodynamic load at different pressure ratios. 
Here ܽ and ܾ respectively refer to the magnitude variations of aerodynamic load on pressure and 
suction surfaces. It can be found that the effect laws of pressure ratio are consistent on pressure 
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and suction surfaces. With the increasing of pressure ratio, aerodynamic load increases gradually. 
In addition, when pressure ratio is adjusted from 1.05 to 1.10, the increasing magnitude of 
aerodynamic load on pressure surface is equal to that on suction, ܽ = ܾ = 0.05 atm. And the 
pulsation amplitude is nearly no change, it illustrates that the effect of pressure ratio on pressure 
surface is identical to the effect on suction surface. In Fig. 14 are amplitude-frequency curves of 
rotor blade aerodynamic load at different pressure ratios. It shows peak frequencies are manly at 
frequency doubling of stator-rotor interaction, especially at one time frequency (1× ଴݂). With the 
increasing of pressure ratio, fluctuation peaks are nearly no change. Hence, it can draw a 
conclusion that the effect of pressure ratio is not obvious on the strength of unsteady disturbance. 

3.3.2. Rotational speed 

At the same pressure ratio, aerodynamic load on rotor blade is calculated at different rotational 
speeds which are 10000 rpm, 11383 rpm and 13000 rpm, as shown in Fig. 15-Fig. 17. 

 
a) Pressure surface 

 
b) Suction surface 

Fig. 15. Time domain curves of rotor blade aerodynamic load at different rotational speeds 

a) Pressure surface 
 

b) Suction surface 
Fig. 16. Unfolded time domain curves of rotor blade aerodynamic load at different rotational speeds 

In Fig. 15 are the time domain curves of rotor blade aerodynamic load at different rotational 
speeds. With the increasing of rotational speed, the magnitude of aerodynamic load on pressure 
surface is no clear change, but on suction surface the magnitude decreases gradually. For pulsation 
amplitude, the variation laws on pressure and suction surfaces are consistent. When rotational 
speed increases from 10000 rpm to 11383 rpm, the pulsation amplitude of aerodynamic load 
increases gradually. At rotational speed ݊ = 11383 rpm, pulsation amplitude reaches a higher 
value. Then continuing to rise the rotational speed to 13000 rpm, there is no obvious change in 
pulsation amplitude. So rotational speed has a direct influence on the magnitude of aerodynamic 
load, and it also affects the pulsation amplitude of aerodynamic load in a certain speed range. 
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In Fig. 16 are unfolded time domain curves of rotor blade aerodynamic load at different 
rotational speeds. It is shown that the number of pulsation periods on pressure surface is equal to 
that on suction surface at a certain rotational speed. With the increasing of rotational speed, the 
number of pulsation periods increases. When rotational speeds are at 10000 rpm, 11383 rpm and 
13000 rpm, the numbers of pulsation periods in 0.004 s to 0.005 s are respectively 6, 7 and 8. It 
indicates the increasing of rotational speed enhances unsteady characteristic of aerodynamic load 
on rotor blade. 

a) Pressure surface 
 

b) Suction surface 
Fig. 17. Amplitude-frequency curves of rotor blade aerodynamic load at different rotational speeds 

In Fig. 17 are the amplitude-frequency curves of rotor blade aerodynamic load at different 
rotational speeds. Here ௜݂ = ଴ܰ݊/60  in figure, ݊  is the rotational speed, ଴ܰ  is rotor blade  
number. Peak frequencies increase gradually with the increasing of rotational speed, it is because 
the increasing of rotational speed makes the stator-rotor interaction frequency rise. Fluctuation 
peaks are mainly at frequency doubling of stator-rotor interaction, so peak frequencies of 
aerodynamic load move backwards. In addition, the peak value of dominant fluctuation frequency 
increases with the rotational speed in a certain range. After rotational speed rises to 11383 rpm, 
there is no clear change in peak value. 

3.3.3. Ratio of stator-rotor blade number 

At the same pressure ratio and rotational speed, assuming basic parameters of rotor blade are 
constant (where rotor blade number ଴ܰ is 38). In order to obtain different ratios of stator-rotor 
blade number, stator blade number ܰ is adjusted to 19, 24, 38, 48 and 76, here blade number ratio ߣ = ܰ/ ଴ܰ. Then the distribution of aerodynamic load on rotor blade is analyzed at different ratios 
of stator-rotor blade number, as shown in Fig. 18-Fig. 21. 

ߣ (1 ≤ 1. 
In Fig. 18 and Fig. 19 are respectively time domain and amplitude-frequency curves of rotor 

blade aerodynamic load at ߣ ≤ 1. As can be found that the effects of stator-rotor blade number 
ratio on pressure and suction surfaces are similar. Compared with pressure surface, the effect on 
suction surface is more obvious. In Fig. 18, magnitude and pulsation amplitude of aerodynamic 
load increase gradually with the increasing of stator-rotor blade number ratio. But the variation on 
suction surface is more obvious than that on pressure surface. When ߣ rises to 1 (here ܰ = ଴ܰ), 
magnitude and pulsation amplitude reach the maximum. Fig. 19 shows peak frequencies of 
aerodynamic load don’t vary with the ratio of stator-rotor blade number, and are manly at 
frequency doubling of stator-rotor interaction, especially at one time frequency (1× ଴݂). Besides, 
the peak value of dominant fluctuation frequency increases with stator-rotor blade number ratio, 
and it reaches the maximum at ߣ = 1.  
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a) Pressure surface 

 
b) Suction surface 

Fig. 18. Time domain curves of rotor blade aerodynamic load at ߣ ≤ 1 

 
a) Pressure surface 

 
b) Suction surface 

Fig. 19. Amplitude-frequency curves of rotor blade aerodynamic load at ߣ ≤ 1 

 
a) Pressure surface 

 
b) Suction surface 

Fig. 20. Time domain curves of rotor blade aerodynamic load at ߣ ≥ 1 

ߣ (2 ≥ 1 
In Fig. 20 and Fig. 21 are respectively time domain and amplitude-frequency curves of rotor 

blade aerodynamic load at ߣ ≥ 1. The effect of stator-rotor blade number ratio on suction surface 
is more obvious than the effect on pressure surface, which is consistent with the situation at  ߣ ≤ 1. Pulsation amplitude and peak value of aerodynamic load on pressure and suction surfaces 
are maximum at ߣ = 1. With the increasing of stator-rotor blade number ratio, pulsation amplitude 
and peak value decrease gradually. But the variation law of magnitude on suction surface is 
different from that on pressure surface. Fig. 20 shows the magnitude of aerodynamic load on 
pressure surface decreases gradually with the increasing of stator-rotor blade number ratio, while 
the magnitude increases gradually on suction surface. Compared with pressure surface, the 
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variation of magnitude and pulsation amplitude on suction surface is much greater. In Fig. 21, it 
can be found that peak frequencies don’t vary with stator-rotor blade number ratio, and are manly 
at frequency doubling of stator-rotor interaction. This illustrates stator-rotor blade number ratio 
has no direct influence on the dominant fluctuation frequencies of aerodynamic load, when rotor 
blade number is constant. 

a) Pressure surface 
 

b) Suction surface 
Fig. 21. Amplitude-frequency curves of rotor blade aerodynamic load at ߣ ≥ 1 

4. Conclusions 

In this paper, considering the effect of rotor-stator interaction in an aero-engine compressor 
rotor system, unsteady 3D flow field is simulated with the commercial CFD software. It analyzes 
the process of stator-rotor interaction and the distribution law of rotor blade aerodynamic load. In 
addition, the effects on rotor blade aerodynamic load are discussed at different pressure ratios, 
rotational speeds and ratios of stator-rotor blade number. The results show: 

1) Unsteady flow field area with lower speed is induced by stator-rotor interaction at the rotor 
blade leading edge. Mass flow and static pressure of rotor flow field fluctuate periodically in sine 
or cosine law, and the pulsation period is equal to stator-rotor interaction period ܶ. Besides, when 
the overlap space between stator and rotor channels reaches the maximum, mass flow and static 
pressure aroud rotor blade will appear jumping fluctuations suddenly. 

2) Aerodynamic load on rotor blade is unsteady pulsation pressure, and dominant fluctuation 
frequencies of aerodynamic load are manly at frequency doubling of stator-rotor interaction, 
especially at one time frequency (1× ଴݂). In the interaction period ܶ, variations of aerodynamic 
load on pressure and suction surfaces take the contrary trend, and magnitude and pulsation 
amplitude on pressure surface are far greater than that on suction surface. 

3) Effects of pressure ratio on pressure and suction surfaces are consistent, the magnitude of 
aerodynamic load increases with pressure ratio, but pulsation amplitude is nearly no change. 
Rotational speed affects the magnitude of aerodynamic load on suction surface more heavily than 
that on pressure surface. And the increasing of rotational speed makes stator-rotor interaction 
frequency rise, so that unsteady characteristics of aerodynamic load are enhanced. At stator-rotor 
blade number ratio ߣ = 1, pulsation amplitude of aerodynamic load reaches the maximum. The 
effect of stator-rotor blade number ratio on suction surface is more obvious than the effect on 
pressure surface, and it has no direct influence on the dominant fluctuation frequencies when rotor 
blade number is constant. 
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