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Abstract 

The complex internal flow of the marine Low-Pressure Compressor 

(LPC) is characterized by a series of unsteady flow structures, presenting 

extensive temporal and spatial features that pose challenges to direct data 

analysis. This paper employs the Unsteady Reynolds-averaged Navier 

Stokes (URANS) method to simulate a marine 1.5-stage LPC with full-

channel configuration. Validation of the compressor's overall 

characteristics and the unsteady pressure is achieved through comparison 

with experimental data. Additionally, the Proper Orthogonal 

Decomposition (POD) method is applied to decompose the velocity and 

pressure fields in various computational regions. The results demonstrate 

that the combined use of URANS and POD facilitates detailed insights into 

blade interactions. The consistency between time-averaged variables and 

POD modes underscores the practical physical significance of the POD 

modes. Furthermore, the study reveals that the Rotor-Stator interaction 

significantly outweighs the Inlet Guide Vane (IGV)-Rotor interaction. The 

coherent modal pairs generated by different interferences exhibit diverse 

characteristics within the computational domain, with distinct frequencies 



 

 3 / 46 

 

observed for the same interference reaction in the upstream and 

downstream regions. Notably, the POD modes of the rotor pressure field 

unveil a separation bubble structure. 

Keywords：Marine Low-Pressure Compressor; Proper orthogonal 

decomposition; Rotor-Stator interaction; Numerical simulation 

1. Introduction  

Within contemporary gas turbine systems, the Low-Pressure 

Compressor (LPC) emerges as an indispensable and intricate component, 

often posing formidable design challenges. Functioning as the primary 

constituent within the inlet section of the multistage axial compressor, the 

LPC assumes a pivotal role with far-reaching implications for the 

comprehensive aerodynamic performance of the entire compressor 

assembly 1. When contemplating the operation of an engine in scenarios 

that deviate from the design conditions, it becomes evident that the internal 

flow characteristics within the LPC manifest the most pronounced 

disparities from their originally intended parameters. The LPC encounters 

numerous complex conditions. For instance, the low-speed cruising 

condition of the ship results in reduced LPC flow. Additionally, the LPC 
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must operate in a marine environment characterized by high humidity and 

high-salinity air. Consequently, the optimization of LPC performance 

stands as a mission of paramount significance, particularly in the context 

of applications germane to the realm of ship and ocean engineering. Such 

optimization holds the promise of substantially enhancing the overall 

efficiency of the gas turbine system, thereby underscoring its profound 

relevance and implications within this domain. 

The internal flow of the LPC exhibits strong, three-dimensional, 

unsteady characteristics 2. The main unsteady flows involve, e.g., the fan-

intake interaction 3, 4, boundary layer separation 5-7, radial separation 8, 9, tip 

leakage 10, 11, rotor vortex shedding 12, 13, blade-wake interaction 14, and 

rotor-wake and stator interaction 15, 16. The pressure distribution on the 

blade surface and flow loss are significantly influenced by these complex 

flows, thereby impacting the overall efficiency of marine gas turbines. A 

considerable body of work has been dedicated to describing the complex 

flow inside compressors. Cao et al. 3 conducted a qualitative study of the 

mechanism of the fan-intake interaction based on the Unsteady Reynolds-

averaged Navier Stokes (URANS) and investigated the impact of distortion 
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on key design parameters of the intake. The isentropic Mach number 

distribution of the air intake showed that the fan could accelerate the flow 

upstream, thereby reducing the level of distortion near the fan. Gaetani et 

al. 15 studied the effect of the rotor on the flow released by the stator. The 

results showed that the rotor would periodically perturb the pressure and 

velocity fields of the gap between rotor and stator, which eventually led to 

the oscillation of the total pressure and temperature at the outlet. Gao et al. 

17 pointed out that for various non-uniform tip clearance configurations, the 

tip load distribution had a significant impact on tip leakage flow. A non-

uniform tip clearance configuration could alter the distribution of tip 

leakage flow. Different non-uniform tip clearances had diverse effects on 

the turbine, among which the front step and the shrinkage clearance 

reduced the total loss of the turbine.  

These complex flows are often accompanied by a wide range of 

temporal and spatial features, which are coupled together so that the flow 

contains a lot of cluttered information 18. Direct analysis of variables 

concerning space and time remains a challenge for even the simplest flows. 

Extracting key physical features or patterns of the flow is, therefore, a valid 

https://cn.linguee.com/%E8%8B%B1%E8%AF%AD-%E4%B8%AD%E6%96%87/%E7%BF%BB%E8%AD%AF/vital.html
https://cn.linguee.com/%E8%8B%B1%E8%AF%AD-%E4%B8%AD%E6%96%87/%E7%BF%BB%E8%AD%AF/valid.html
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means for in-depth analysis of complex flows. Reduced-order models 

provide a way to describe high-dimensional flows in a low-dimensional 

form 19, and Proper Orthogonal Decomposition (POD) is the most widely 

used in flow analysis. 

POD is considered one of the most efficient methods for capturing the 

main components of an infinite-dimensional flow. Consequently, it is 

favored for a variety of applications, such as simple in-pipe flow, cavity 

flow, wing-wake, and high-speed jets. Shim et al. 20 adopted Particle Image 

Velocimetry (PIV) to study the structural characteristics of the planar jet 

during the development process and verified the existence of counter-

rotating vortices in the initial region based on POD. The results showed 

that the characteristic frequency of the antisymmetric vortex was 

independent of the jet flutter. The symmetric vortex was gradually 

displaced relative to the flow direction and finally evolved into an anti-

symmetric vortex. Zhao et al. 21 found that the aerodynamic performance 

of the airfoil was improved by the presence of leading-edge protuberances, 

attributed to the alteration in the momentum transfer process and flow 

transition mechanism within the spanwise laminar separation bubble at the 
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airfoil leading edge. The improved airfoil effectively suppressed the 

corresponding vortex shedding process. Murray and Ukeiley 22 processed 

PIV data for shallow rectangular cavity flow. The results showed that as 

the number of included POD modes increased, the absolute difference 

between the repair vector and the original PIV data approached the 

experimental uncertainty. 

POD technology has also been applied to turbomachines. Cizmas and 

Palacios 23 modeled the flow field inside a single-stage turbine based by 

URANS. The phase-space diagram indicated the existence of low-

dimensional dynamics, which supported the validity of the low-order 

model of the turbine. Sajadmanesh et al. 24 also used URANS to study the 

flow separation and reattachment on the suction side of the low-pressure 

turbine. The separation of bubbles on the blade surface under two working 

conditions was investigated using the POD technology. The results 

indicated that, high-energy, large-scale structures at low Reynolds numbers 

were detached from the separation shear layer. Conversely, low-energy, 

small-scale structures at high Reynolds numbers were observed in the 

separation zone and downstream of the trailing edge. Luo 25 proposed a 
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POD-based hybrid model approach to optimize the aerodynamic design of 

a low-speed 4.5-stage compressor while maintaining mass flow by 

modifying the spanwise dislocation angle and curvature of the stator blades. 

It was demonstrated that the hybrid model based on POD was an effective 

and feasible method in aerodynamic optimization design. Moghadam et al. 

14 conducted spatiotemporal and modal analyses of tip vortex systems in 

ducted axial fans under on-design and off-design conditions. The 

interaction patterns captured by the POD were consistent with 

eigenfrequencies in the fan noise spectrum. The blade-wake and multi-

frequency interaction were more severe under the off-design condition with 

a larger tip clearance configuration. 

The research described demonstrates that a combination of the 

URANS and POD can be utilized to extensively investigate complex flows 

within turbomachinery. Gaining insight into the vortex structures of 

different scales within the marine LPC offers a fresh perspective for 

developing techniques to control complex flow, thus reducing the flow loss 

of the entire compressor and maritime gas turbine. However, research on 

the Rotor-Stator interaction of turbomachinery using the POD method is 
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scarce, particularly concerning 1.5-stage axial compressors. The marine 

1.5-stage axial compressor features three rows of blades, including guide 

vane, rotor, and stator, leading to diverse interference effects among 

multiple blade rows. Currently, the various interference characteristics of 

multistage axial compressors are not sufficiently understood. Therefore, 

initiating the study with the marine 1.5-stage axial compressor as the focal 

point is considered a prudent choice. 

In this paper, POD was used to study the interactions of the marine 

1.5-stage LPC. The POD of the velocity field was used to identify upstream 

wakes and detect downstream interactions, while the POD of the pressure 

field was adopted to study upstream interactions. The results show that the 

combination of the URANS and POD methods can successfully identify 

the interference between the compressor’s blade rows. The physical 

significance of the POD modes is argued and strengths of different 

interferences are discussed in detail. 

In this paper, the interactions of the marine 1.5-stage LPC are studied 

using POD. The decomposition results of the velocity field are utilized to 

identify the upstream wakes and its interaction with the downstream blade, 
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whereas the decomposition results of the pressure field were employed to 

capture the influence of downstream interference on the upstream. The 

results demonstrate that the URANS and POD in combination can 

effectively identify the interference between the blade rows of compressor. 

The physical significance of the POD modes is discussed, and the strengths 

of different interferences are detailed. 

2. Numerical simulations 

2.1. Marine compressor configuration 

The marine LPC examined in this paper is a 1.5-stage subsonic axial 

flow compressor situated at Harbin Engineering University, China. It 

comprises three rows of blades: the Inlet Guide Vane (IGV), the rotor, and 

the stator, as depicted in Fig. 1. Operating at a speed of 2270 rpm, the 

compressor generates a flow rate of 3.8 kg/s and operates with an efficiency 

of 84.9%. Additional parameters of the marine compressor are detailed in 

Table 1. 
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Fig. 1. Schematic diagram of the impeller. 

Table 1.  

Configuration of the marine compressor. 

Inlet/Outlet shroud diameter D1 458.4 mm 

Inlet hub diameter D2 243.6 mm 

Outlet hub diameter D3 279 mm 

Number of guide vanes 54 

Number of rotors 37 

Number of stators 60 

Tip clearance 0.5 mm 

2.2. Computational grid and boundary condition 

The structured hexahedral elements of the compressor are generated 
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using the multi-block approach, as illustrated in Fig. 2. Fig. 2(a) depicts the 

CFD computational regions, which includes the IGV, rotor, and stator 

regions. Fig. 2(b) presents a schematic diagram of the grid divided into 

O4H structured hexahedral elements. Fig. 2(c) displays a partial grid 

diagram of the three-row blades surface, highlighting the distinct structural 

elements. Autogrid5 of NUMECA is employed to generate the structural 

elements of turbomachinery, which facilitates the creation of high-quality 

structured hexahedral elements. The mesh topology of the throughflow 

domain is O4H, while a perfectly matched butterfly mesh is adopted in the 

tip clearance. Due to the compact structure of the axial compressor, the 

middle rotor blades and the front and rear rows of blades form highly 

staggered configurations. To improve grid quality, C-type topological 

blocks based on O4H topology are defined both upstream and downstream 

of the rotor blades. The IGV region extends upstream from the leading edge 

by 2 times the IGV chord length IGVC  , while the stator region extends 

downstream from the trailing edge by 1.5 times the stator chord length SC .  
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Fig. 2. Computational domain and grid. 

The overall characteristics of the marine compressor can be described 

by the pressure ratio   and efficiency Eff , which are defined as 
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where outP  and inP  are the total pressure of the outlet and the inlet, 

respectively, and k   is the specific heat ratio of air. outT   and inT   are the 

outlet and inlet total temperature, respectively. Three different grid 

schemes are investigated to explore the effect of the element density on the 

numerical results. The total number of elements for Grids 1, 2, and 3 are 

18, 27, and 36 million, respectively. Fig. 3 shows the efficiency curves for 

the three grid schemes as a function of flow. The calculation results of 
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Grids 2 and 3 are relatively close. Grid 2 is proved to meet the grid-

independence requirement and adopted for all subsequent numerical 

simulations. The grid height of the first layer of the wall is set to 3 × 10-6 

m and the steady simulation y+ results are shown in Fig. 4. The results 

fulfill the requirements of the shear stress transport (SST) turbulence model 

24, 26 for all areas excluding a small region at the leading edge of the rotor 

and stator where y+ > 1. 

 

Fig. 3. Grid independence verification. 

The total pressure at the inlet is atmospheric, with 101325 Pa, while 

the total temperature is 288.15 K. The flow direction of inlet is set normal 

to boundary, and turbulence intensity of inlet is medium, with 5% 

https://cn.linguee.com/%E8%8B%B1%E8%AF%AD-%E4%B8%AD%E6%96%87/%E7%BF%BB%E8%AD%AF/adopted.html
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turbulence intensity. The outlet static pressure is specified based on radial 

averages, and the wall boundary conditions are set to no-slip and adiabatic, 

except for the shroud wall corresponding to the top of the rotor, which is 

set as a counter-rotating wall because the actual wall not rotate with the 

rotor blades. The boundary conditions for the calculation domains of the 

marine compressor are depicted in Fig. 5. In the steady-state simulation, 

the data exchange type of the interface where different regions overlap is 

set to Mixing-Plane, which is changed to Transient Rotor-Stator for 

unsteady simulations. 

 

Fig. 4. The wall normal grid resolution of the blades. 
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Fig. 5. The boundary conditions of the marine compressor. 

2.3. Numerical solution method 

The full-loop numerical simulation of the 1.5-stage axial compressor 

is conducted using CFX, employing the finite volume method to solve the 

Navier-Stokes equations. The SST turbulence model, a typical low 

Reynolds number model within the Reynolds-averaged Navier-Stokes 

(RANS) framework, is utilized. The SST model can accurately capture 

flow phenomena near the blade surfaces, such as separation flow caused 

by adverse pressure gradient. Due to this capability, the SST model is 
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widely used in the numerical simulation of turbomachinery 27, 28. For the 

steady simulation, the convection scheme and turbulence accuracy are set 

to high resolution. For unsteady simulation, the initial values are specified 

using the results from the steady calculation, and the transient scheme is 

second-order backward Euler. The time step is mainly determined by the 

physical precision, which in this case is implemented as 40-time steps for 

one rotor channel, corresponding to 1.78593 × 10-5 s. 

3. The POD method 

POD is a popular method for reducing fluid dimensionality, providing 

an algorithm to decompose a series of data into an orthogonal basis of 

spatially correlated modes 18, 21 while capturing as much energy as possible. 

Upon completing the flow calculation described in Section 2, POD is 

employed to extract the flow modes. Given that the spatial dimension is 

significantly larger than the time dimension, the snapshot POD method is 

utilized in this paper. 

A snapshot data set n mX   of the study variables must be collected, 

which contains n  rows and m  columns, where n  represents the number 
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of spatial nodes in the research area and m   represents the number of 

consecutive temporal snapshots, and is given by  

( ) ( ) ( ) ( ) 1 1 2 2 3 3, , , , , , ,m mX x x t x x t x x t x x t=  (3) 

where ix   is the i-th flow-field snapshot with n   spatial nodes. The 

goal of POD analysis is to find the optimal basis vectors that can represent 

the given data, that is, to find the vector that can represent X  optimally in 

terms of energy. The solution to this problem 29 can be implemented by 

finding the following eigenvectors and eigenvalues 

j j jR = , (4) 

where 
TR X X=   is a square matrix of size m m  , j   and j  

represent eigenvectors and eigenvalues, respectively. When n   is much 

larger than m  , the characteristic value problem of n n   is reduced to 

m m , which greatly reduces the amount of computation. The eigenvalue 

problem associated with the eigenvector j   is specified and the POD 

modality is recovered as 
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where    represents the 
2L   norm. X   can be decomposed 

orthogonally as 

1

m

j j

j

X a 
=

= , (6) 

where j  is the POD mode and ja  is the corresponding coefficient, 

such that the time coefficient ja  is given by 

T

j j ja x= . (7) 

The original flow field can be reconstructed by Eq. (4) using the POD 

modes and corresponding coefficients. The instantaneous field can be 

reconstructed with only a few modes of interest and the most dominant 

flow mode is found. In addition, the eigenvalues 
j  in Eq. (2) represent 

the amount of energy contained in the corresponding mode. Sorting the 

results according to the size of the eigenvalues can distinguish the energy 

contained in the POD mode and the ratio of each mode to the total energy 

can be obtained. A more detailed introduction to the POD method and its 

applications is reported in other work 19, 30-32. In this paper, two physical 

quantities, velocity and pressure, inside the marine compressor are 

extracted as snapshots for the POD analysis. 
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4. Results and discussion 

4.1. Compressor flow characterization and verification 

To describe the accuracy of the simulation, the relative deviation   is 

defined as 

exp

exp

=
num 




−
 (8) 

where num  and 
exp  are the numerical and the experimental values of 

the research variables, respectively. The two predominant flow 

characteristic variables in this paper are the pressure ratio   and efficiency 

Eff   of the compressor. The pressure ratio and efficiency of the marine 

compressor and their relative deviations are shown in Table 2. The absolute 

values and relative deviations are provided, with the relative deviations of 

the pressure ratio and efficiency being 0.218% and 0.225%, respectively. 

This demonstrates that the numerical results align well with the 

experimental data, thereby validating the numerical scheme employed. To 

further verify the accuracy of the unsteady simulation, high-frequency 

dynamic pressure probes are arranged in the rotor tip clearance. The 

corresponding test bench conditions and measurement positions refer to 33. 
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The location of the dynamic pressure measurement points and the 

frequency characteristics of the unsteady pressure at the tip clearance are 

depicted in Fig. 6, which illustrates the high-frequency dynamic pressure 

probes XT-140 (M) Kulit positioned at the leading edge of the rotor blades. 

These probes feature a pressure range of 1.7 mbar, a sensitivity of 2.301 

mV/mbar, and a sampling frequency between 150 kHz and 240 kHz, 

ensuring dynamic pressure measurement accuracy in high-speed 

compressors. The close agreement between the frequency characteristics 

obtained through simulation and experiment confirms the accuracy of the 

simulations. 

Table 2.  

Characteristics of the marine compressor obtained through experiment and 

numerical simulation. 

Results   Eff (%)  (%) Eff (%) 

Experimental 1.0089 84.919 – – 

Numerical 1.0111 84.728 0.218 0.225 
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Fig. 6. Measurement point and pressure verification. 

4.2. Time-averaged flow characteristics 

Before performing POD analysis, it is necessary to ensure that the 

number of POD snapshots does not affect the analysis results. For this study, 

400 and 800 snapshots of the stator pressure at 50% span are extracted for 

POD analysis, with the results shown in Fig. 7. Given that the time step for 

unsteady simulations is 1.78593 × 10-5 s, it takes 40-time steps for the rotor 

blades to rotate through the angle corresponding to a single rotor passage. 

During compressor output, data are recorded at intervals of two-time steps, 

so 800 snapshots corresponded to a physical time slightly exceeding one 

revolution of the compressor, which is sufficient to ensure that the POD 

analysis results are unaffected. For 400 snapshots, data are recorded at 

intervals of four-time steps, resulting in the same physical time as 800 
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snapshots but with twice the time interval between snapshots. In terms of 

resolution, 800 snapshots guaranteed 20 sampling points in a rotor channel, 

ensuring high-precision time resolution. The energy fractions obtained 

using 400 snapshots are almost identical to those of 800 snapshots, as 

shown in Fig. 7, indicating that 400 snapshots meet the requirement for 

quantity irrelevance. To eliminate the influence of the number of snapshots 

on the results, the present paper discusses the results obtained using 800 

snapshots. Additionally, the first four-order modes are the most dominant, 

with their combined energy accounting for 96.8% of the total flow energy. 

 

Fig. 7. POD eigenvalues and energy fraction. 

To avoid the influence of complex flows near the rotor root and tip, 50% 
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span is selected as the position for POD analysis. The POD analysis is 

conducted on the velocity magnitude of the three rows of blades to 

elucidate the flow characteristics from the perspective of flow energy, 

located at half the span of the blades, as shown in Fig. 8. Specifically, the 

POD analysis is applied to the three turbomachinery surfaces, 

encompassing a total of 569,805 spatial points. Furthermore, the POD 

modes obtained from the solution are normalized to ensure the results fell 

within the range of [-1, 1] in the present study. 

 

 

Fig. 8. Location of POD slice for interaction of blades. 

To facilitate a clearer understanding of the POD modes, the time-

averaged variable characteristics within the compressor are presented 

initially. Given that mode 1 dominates the flow energy, the investigation of 

flow characteristics focuses on mode 1. Fig. 9 presents a comparison 
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between mode 1 of POD and the distribution of time-averaged velocity at 

the 50% span of the compressor. It is evident that the spatial distribution of 

mode 1 closely matches the time-averaged velocity distribution. 

Additionally, the temporal behavior of mode 1 is quite stable across the 

three cross sections, as illustrated in Fig. 10. Therefore, mode 1 represents 

the average unsteady flow velocity within the compressor and contains the 

most kinetic energy. 

 

Fig. 9. Comparison of mode 1 and time-averaged velocity. 
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Fig. 10. The time-varying process of mode 1. 

Fig. 11 and Fig. 12 illustrate the higher-order POD modes and helicity 

distribution of the rotor and stator, as defined by Eq. (9). Helicity describes 

the vortex distribution on the turbo surface and can also represent separated 

flow in the boundary layer. Modes 2 and 3 of the rotor and stator are similar 

to the corresponding helicity distribution, as evidenced by the flow 

structures in circles A and B in the figures. The flow structures in Fig. 11(c) 

and Fig. 12(c) develop from upstream, propagating from the IGV-Rotor 

interface and Rotor-Stator interface downstream, passing through the blade 

channel, and finally mixing with the blade wakes for dissipation. Therefore, 

the helicity in circles A and B represents the wakes of upstream blades, 
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indicating that the higher-order modes of the rotor and stator describe the 

propagation and dissipation of upstream blade wakes in the downstream 

domain. The flow structure in circle C in Fig. 11 represents the separated 

flow and wake of the rotor, although higher-order modes can only capture 

subtle flow eddies. The higher-order modes in the rotor region primarily 

recognize the wakes of the IGV, and accordingly, the wakes of the rotor are 

captured by the higher-order modes in the stator domain. The results 

indicate that the higher-order modes obtained from the POD of velocity 

predominantly recognize upstream characteristics, while it is challenging 

to capture downstream flow characteristics. 

( )Helicity V V=    (9) 

where V  is the velocity. 

 

Fig. 11. Interpretation of higher-order modes of rotor. 
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Fig. 12. Interpretation of higher-order modes of stator. 

4.3. Fluctuating flow characteristics and velocity POD analysis 

From the preceding discussion, it is evident that only the higher-order 

modes of POD can reflect the blade wakes for interaction analysis, whereas 

mode 1 of POD solely represents the average flow, excluding the 

interaction between blades from the average flow. In contrast to Section 

4.2, only the fluctuating velocity is utilized for POD analysis in this section. 

Consequently, mode 1 no longer represents the average flow, but is 

equivalent to mode 2 in the previous section. Similarly, the fluctuating 

velocity on the three turbomachinery surfaces is extracted for POD analysis, 

and the energy proportions of the modes are depicted in Fig. 13. The energy 

distribution of POD modes on the three surfaces exhibits similarity. The 
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combined energy of the first two- and four-order modes accounts for at 

least 73.3% and 88.8% of the total kinetic energy, respectively. Hence, the 

first four-order modes are the focal point of this analysis. 

 

Fig. 13. Proportion of mode energy in different computing domains. 

In conjunction with Fig. 11 and Fig.12, Fig. 14 to Fig. 16 present the 

spatial distribution of the first four-order modes of POD on the three 

turbomachinery surfaces. It is evident that mode 1 and mode 2 form a 

coherent pair of modes, as indicated by their similar spatial distribution, 

with their equal energy fraction shown in Fig. 13. Similarly, mode 3 and 

mode 4 constitute another coherent pair of modes. Concerning the POD 

modes of the IGV, the first two-order modes are only generated near the 

IGV-Rotor interface. Modes 1 and 2 thus depict the behavior of the IGV-

Rotor interaction in the upstream IGV domain. Conversely, modes 3 and 4 

capture the vortex structures of the IGV wakes, comprising a pair of 

opposing vortices that develop downstream with a slight interaction 
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observed at the IGV-Rotor interface, as highlighted by the red circle in the 

figure. 

For the rotor and stator, the first two-order modes primarily depict the 

interaction of the upstream blade wakes with the downstream blades, as 

discussed in the previous section. Modes 3 and 4 indicate that the number 

of wakes is approximately twice that of the first two-order modes, resulting 

in a dominant peak frequency twice as high as expected for modes 1 and 2. 

Additionally, the interference range of modes 1 and 2 encompasses the 

entire computational region, as the wakes of the upstream blades 

experience no significant attenuation in the channel and are able to 

propagate to the Rotor-Stator interface, while modes 3 and 4 decay 

continuously in the channel. This implies that high-frequency flow 

interaction can hardly cross downstream blades and interfere with blades 

further downstream, whereas lower-order modes may cross adjacent blades 

and interact with blades further downstream. 
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Fig. 14. The velocity POD modes of the IGV. 

 

Fig. 15. The velocity POD modes of the rotor. 
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Fig. 16. The velocity POD modes of the stator. 

Since the coefficients of the POD modes reflect the time evolution 

process, the time and frequency information of each mode can be extracted 

to further elucidate the interaction mechanism. For the first four-order 

modes on the three turbomachinery surfaces, the frequency characteristics 

are obtained by Fourier transform of their time coefficients, as illustrated 

in Fig. 17. The mode peaks of the IGV are concentrated on the Blade Pass 

Frequency (BPF, 1400Hz) and its harmonics. Specifically, the first two-

order modes oscillate mainly at the BPF, while modes 3 and 4 oscillate at 

twice the BPF. The BPF and its harmonic frequencies are described by 

60

nBi
f = ,  (10) 

where n  is the rotor speed, B is the number of rotor blades, and i  is 

the harmonic order. The fact that the frequency obtained by taking the 
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number of rotor blades from B matches the peak frequency of the IGV 

mode proves that the IGV modes are the reflection of the interaction in the 

upstream IGV region between IGV wakes and rotor blades. 

The peak frequencies of its POD modes coincides with the Vane Pass 

Frequency (VPF, 2043Hz) in the rotor region, which is determined using 

Eq. (10). Unlike the BPF, the B in Eq. (10) should represent the number of 

IGVs. This finding is in line with the earlier analysis, indicating that the 

POD modes in the rotor region primarily indicate that the rotor blades are 

influenced by the wakes of 54 upstream IGVs. Similarly, for the stator POD 

modes, the stator blades are influenced by the wakes of 37 rotors. The 

interaction with the wakes of 37 rotors inevitably leads to the modal 

frequency peaks of the stator being the BPF and its harmonics. As 

anticipated, for both the rotor and stator, twice the number of wakes of 

modes 3 and 4 results in twice the dominant frequencies of modes 1 and 2, 

as depicted in Fig. 17(b) and Fig. (c). 
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Fig. 17. Modes’ frequency characteristics. 
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4.4. Interaction strength and pressure POD analysis 

 

Fig. 18. Frequency characteristics of mode 1 in different domains. 

Fig. 18 illustrates the frequency characteristics of mode 1 in different 

regions of the compressor. The stator region exhibits the largest amplitude, 

while the IGV region shows the smallest amplitude, with a disparity of 

about an order of magnitude between the regions. This discrepancy 

indicates that the strength of the Rotor-Stator interaction is significantly 

greater than that of the IGV-Rotor interaction. The POD results of the rotor 

velocity field, as presented in Fig. 11 and Fig. 15, do not exhibit the 

phenomenon of Rotor-Stator interference. This discrepancy may be 

attributed to the influence of the axial velocity component and the difficulty 
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in reflecting the interference effect in the stator region in the upstream 

region. Additionally, the rotor region encompasses the IGV wakes, which 

casts a shadow on the display of the Rotor-Stator interaction. 

The POD modes of the 50% span pressure field of the rotor are 

depicted in Fig. 19. The energy proportions of the first four-order modes 

of the pressure field exhibit similarity, with the energy fractions of the 

coherent mode pairs, namely modes 1 and 2, and modes 3 and 4, amounting 

to 53.6% and 37.9%, respectively. The first coherent mode pair (modes 1 

and 2) primarily represents the Rotor-Stator interaction in the upstream 

region, as indicated by their patterns concentrating on the Rotor-Stator 

interface. Their peak frequencies occur at 2270Hz, coinciding with the 

Stator Pass Frequency (SPF) obtained by adjusting the number of blades to 

60 in Eq. (10). This alignment indicates that modes 1 and 2 precisely 

capture the upstream manifestation of the interference effect of rotor wakes 

and 60 stators.  

The second coherent mode pair (modes 3 and 4) mainly reflects the 

IGV-Rotor interference effect, as evidenced by the frequency 

characteristics shown in Fig. 19(b). Moreover, Fig. 19(b) reveals that 
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modes 1 to 4 exhibit prominent peaks at VPF and SPF, implying that the 

POD results of the pressure field differ from that of the velocity field. The 

former is unaffected by the axial velocity, enabling the simultaneous 

capture of upstream and downstream interference in the rotor region. The 

amplitudes of the first and second modal pairs are equivalent, indicating 

consistent interaction strength between the IGV-Rotor in the downstream 

pressure field and the Rotor-Stator in the upstream. Additionally, the 

second coherent mode pair generates a vortex mass on the rotor suction 

surface. This “separation bubble” is mentioned in the work of Sajadmanesh 

et al 24.  

In summary, the POD modes of the velocity field can extract the main 

flow structure, but it is difficult to analyze the effect of the interaction on 

the upstream. The POD modes of the pressure field pay more attention to 

the pressure change which can overcome the defect of velocity field, but it 

is challenging to decompose the characteristic flow structure. 
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Fig. 19. The pressure POD modes at the 50% span of the rotor. 

5. Conclusions 

The interference characteristics and intensity magnitudes between 

multiple rows of blades in a marine 1.5-stage LPC are studied in detail 

using the POD. The SST turbulence model is used for the URANS 

calculation, and the accuracy of the simulation is verified by experimental 

data, including a comparison of the overall characteristics of the 

compressor. The insights derived from this investigation contribute to the 
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optimization of marine compressor performance and the enhancement of 

overall operational efficiency in maritime vessels. Consequently, this study 

offers a significant reference for future endeavors aimed at advancing flow 

optimization in the maritime domain. 

POD results of velocity amplitude show that the first mode represents 

the average velocity of unsteady flow, and the higher-order modes reflect 

the flow structures of fluctuating velocity field. The higher-order POD 

modes in the rotor and stator regions describe the propagation and 

dissipation of upstream IGV wakes and rotor wakes in the downstream 

channel respectively. 

The POD modes of the velocity field at the 50% span of the IGV 

identify the IGV-Rotor interaction and the IGV wakes composition. The 

modes representing the interaction and those representing the wakes have 

frequency characteristics related to the interference of the 37 rotor blades 

located downstream. 

The POD modes of the rotor velocity field identify the existence of 

the IGV wakes and capture their interaction with the rotor blades and their 

downstream development. The oscillation frequency VPF of the rotor POD 



 

 40 / 46 

 

modes is related to the impact of the upstream wakes on the rotor blades, 

that is, the manifestation of the IGV-Rotor interaction in the rotor region is 

identified. The rotor region does not reflect the Rotor-Stator interaction due 

to the axial velocity component and the shadowing effect of the IGV wakes. 

However, the POD modes of the rotor pressure field can simultaneously 

identify the IGV-Rotor and Rotor-Stator interactions, and the interference 

frequencies of the corresponding modes in the rotor region are VPF and 

SPF, respectively. Furthermore, the presence of a series of separation 

bubbles is found on the rotor suction surface. 

The POD modes of the stator velocity field are similar to the results 

for the rotor and capture the interaction between the rotor wakes and the 

stator blades and the downstream development of the rotor wakes. At this 

time, the interference frequency of the Rotor-Stator interaction in the stator 

region becomes BPF, resulting from the continuous impact of the 37 rotor 

wakes on the stator blades. 

From the POD results in the three regions, it is found that the 

frequency amplitude in the stator region is the largest, while that of the IGV 

is the smallest. The amplitudes of different regions differ by an order of 

https://cn.linguee.com/%E8%8B%B1%E8%AF%AD-%E4%B8%AD%E6%96%87/%E7%BF%BB%E8%AD%AF/furthermore.html
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magnitude, which indicates that the strength of the Rotor-Stator interaction 

is much greater than that of the IGV-Rotor. Finally, all POD results reveal 

a common feature; modes 1 and 2 and modes 3 and 4 are two pairs of 

coherent paired modes and the frequency characteristics and energy 

fractions of coherent modes are consistent. 
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