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Abstract: This study numerically investigates the beneficial effects of positive pre-swirl on the
aerodynamic performance and internal flow field in a centrifugal compressor stage with variable
inlet guide vanes (VIGVs) at low mass flow rates. Four positions of VIGV are considered, including
0◦, 30◦, 45◦, and 60◦ angle. The latter three positions of VIGV induce positive pre-swirl. Numerical
results show that as positive pre-swirl increases, the aerodynamic performance curve of the stage
moves in the low mass flow rate direction. In the three cases of positive pre-swirl, there was an
improvement of approximately 9.95% of stall/surge margin greater than in conditions with no
pre-swirl. The regulation of IGV can effectively improve the unstable flow of the compressor stage at
low mass flow rates. A low frequency that has a great influence on the internal flow of the compressor
stage is found, and the unstable flow caused by low frequency is analyzed by the combination
of streamline distribution, spectrum analysis, vector, entropy increase, and modal decomposition
method. Meanwhile, the modal decomposition method and flow field reconstruction techniques
are used to investigate the coherent flow structures caused by low frequency under different guide
vane openings.

Keywords: variable inlet guide vanes; positive pre-swirl; unstable flow; centrifugal compressor stage;
modal decomposition

1. Introduction

The mass flow rate of centrifugal compressors needs to be regularly adjusted in actual
operation to adapt to operational requirements and density change caused by temperature
changes. Variable inlet guide vanes (VIGVs) are an effective way to meet this demand [1].
VIGVs can change the impeller inflow pre-swirl for a variable mass flow rate at a constant
rotational speed. When the inflow direction alters, the velocity triangle at the inlet of the
impeller also changes. According to the Euler work calculation formula, the aerodynamic
performance of a compressor is determined by the flow state at the impeller inlet and
changes of input work. When the inflow at the impeller inlet changes from negative
pre-swirl to positive pre-swirl, the incidence angle of the impeller blade increases, and
the operation curve of the compressor moves in the low mass flow rate direction, which
further changes the aerodynamic performance and operating range of the compressor [2,3].

Numerous experimental and numerical studies have been conducted to reveal the
influence of IGVs on the aerodynamic performance and internal flow of centrifugal com-
pressors. Experimental measurement of a centrifugal compressor with the VIGVs was
accomplished by Rodgers [4]. Their results showed that the surge margin was widened by
regulating the IGVs, even though the vaned diffuser was stalled. The work of Coppinger
et al. [5] showed that variable inlet guide vanes could effectively improve the stable op-
erating range of an industrial centrifugal compressor. Mohseni et al. [6] also carried out
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experimental and numerical studies on a centrifugal compressor with three different types
of IGVs. Their results showed that the compressor with tandem and S-cambered guide
vanes had better aerodynamic performance and a wider operating range than symmetrical
guide vanes. Meanwhile, the tandem guide vane was superior to the S-cambered guide
vane under negative pre-swirl conditions, but the S-cambered guide vane had the best
performance under positive pre-swirl conditions. The interaction between IGV-impeller
and the wake effect of IGV was investigated by Zhou et al. [7]. They observed that there
was periodic unsteady flow in the impeller under negative pre-swirl conditions. Experi-
mental investigations of Biela et al. [8] of a 1.5 stage compressor showed that the IGV wake
strength affected compressor stability and that the IGV opening influenced the tip leakage
vortex structures. Xu et al. [9] numerically studied a two-stage centrifugal compressor
with a VIGV. The results showed that the evolution of jet and wake downstream of the
VIGV was related to the VIGV solidity. Other experimental and numerical studies in the
literature [10,11] pointed out that the compressor stage efficiency was decreased due to
positive pre-swirl, but it was within the acceptance range.

At present, the most challenging problems are off-design conditions, especially at
low mass flow rate conditions, which causes flow instability in partial components of a
compressor and induces considerable fluctuating stress, leading to periodic fatigue of the
impeller blades [12–14]. To investigate the mechanism of the unstable flow, a significant
number of numerical and experimental studies have been conducted [15–17]. However,
the spatial distribution characteristics and the degree of flow instability temporal variation
cannot be well identified by conventional unsteady flow field analyses such as vector,
contour plots, and vortex identification methods. Moreover, turbulence is a random and
complex flow phenomenon with a high degree of freedom, limiting in-depth flow field
analysis by traditional methods [18,19].

Consequently, an analyzing technique is needed to identify turbulent, specific, and
coherent flow structures in compressors to separate them from the rest of the chaotic
and irregular flow structures in the turbulent flow field. The feature extraction meth-
ods of coherent flow structure have been proposed in the literature. One of the widely
used fluid machinery approaches [20,21] is the proper orthogonal decomposition (POD)
method, which can help visualize large-scale high-energy flow structures in the flow field.
Sharma et al. [22] applied the POD technique to investigate the localization of the energetic
noise sources in an impeller. Rochuon et al. [23] used the POD method to study the velocity
field in the rotor-stator inter-row region of a centrifugal compressor. The results show
that the rotor-stator interaction and the rotor wake are of the same magnitude in terms of
energetic contribution. Zhang et al. [24] optimized a centrifugal compressor based on the
POD method. The normalized isentropic efficiency increased by 3.7% and 3.0% in the max-
imum speed and cruise state, respectively, and the processing costs were reduced by about
30% after optimization. Ji et al. [25] extracted the flow field from the impeller by the POD
method to construct a prediction model, in which the prediction error is reduced by 29.7%
compared with the single hidden layer artificial neural network. However, the POD method
cannot identify the flow phenomenon corresponding to specific frequencies. In contrast,
the dynamic modal decomposition (DMD) method can recognize non-orthogonal global
flow structures at particular frequencies. These single-frequency flow patterns help to un-
derstand the flow mechanism and supplement the POD method [18]. Sundström et al. [26]
carried out a Large Eddy Simulation (LES) for a centrifugal compressor. They applied the
DMD method to study the coherent flow structure in the compressor under near-surge
conditions. Li et al. [27] have analyzed the flow dynamic characteristics of a centrifugal
compressor by the DMD method. They found that the tip leakage flow, secondary flow,
and wake vortex are related to the rotor frequency of the impeller. Moreover, the flow in a
diffuser is more stable than in an impeller at near stall conditions. Hu et al. [28] applied the
DMD approach to investigate a centrifugal compressor with volute. The results show that
the compressed DMD approach can save 88.4% of the calculation time, and it is found that
the origin of the diffuser stall lies at the hub surface with a fixed circumferential position
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near the diffuser outlet. To visually show the influence of impeller clearance vortex and
separation vortex on the internal flow of vaned diffuser, the flow mechanism in the com-
pressor was studied by the POD and DMD method [29]. Previous studies have successfully
placed and characterized the coherent flow structures in the compressor stage under the
stall condition by using the POD and DMD method [30]. Therefore, the POD and DMD
methods investigate the flow within the centrifugal compressor at low mass flow rates.

Due to the high cost of unsteady simulations, it is impossible to calculate each op-
erating point. However, to reveal the internal flow mechanism of the compressor, it is
necessary to adopt the unsteady simulation approaches. Especially, for the unstable flow
that affects the entire flow of the compressor, it is essential to employ accurate unsteady
simulations. Although many works on IGV have been carried out worldwide, the flow
mechanism of the IGV regulation in the compressor has still not yet been clarified at low
mass flow rates, and especially the coherent flow patterns caused by low frequencies in
the compressor stage have not been evaluated. Understanding the flow patterns would
be helpful to improve methods and means for delaying flow separation, and broaden the
range of stable operating conditions of the compressor. Therefore, this paper utilizes a
combination of traditional methods and modal decomposition methods to describe the flow
patterns caused by low frequency in a centrifugal compressor stage at low mass flow rates.

2. Centrifugal Compressor Stage Geometry Investigated

The meridional flow path of the compressor stage investigated in the paper is shown
in Figure 1a. The compressor stage includes VIGVs, an unshrouded impeller, a vaned
diffuser, and a return channel. The VIGVs system has 11 symmetrically straight blades.
The impeller is backswept and includes 19 blades, and the impeller inlet and exit blade
angles are 35◦ and 67.5◦, respectively. The diffuser consists of 20 equal-width airfoil vanes,
and the inlet and exit vane angles are 26.5◦ and 33.5◦, respectively. Primary geometric
parameters of the centrifugal compressor stage are shown in Table 1 [31].

Figure 1. Centrifugal compressor stage: (a) meridional view; (b) four different guide vane
deflection angles.

The IGVs can be adjusted freely to provide a governable pre-swirl and thus regulate
mass flow rates. At the design condition, the opening of IGV is 0◦ (the centerline of the
vane profile is parallel to the axial inflow, see Figure 1b) which corresponds to the full
opening. Three stagger angles of IGV 30◦, IGV 45◦, and IGV 60◦, as shown in Figure 1b, are
also considered to provide a positive pre-swirl at the inlet of the impeller, which represents
a small pre-swirl, medium pre-swirl, and a sizeable pre-swirl condition, respectively.
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Table 1. Primary geometric parameters of the centrifugal compressor stage.

Parameters Value

Impeller outlet diameter D2 810 mm
Diffuser inlet diameter D3 900 mm

Diffuser outlet diameter D4 1240 mm
Return channel diameter Dret 620 mm

Impeller exit width b2 57.5 mm
Tip clearance τ 3.5 mm

Number of guide vanes Zgui 11
Number of impellers Zimp 19

Number of diffuser vanes Zdif 20
Number of return channels Zret 18

Rotational speed ω 5600 rpm

3. Numerical Method
3.1. Numerical Model and Grid

The 3D numerical model for the compressor stage is shown in Figure 2. The same
method was adopted in this study as references [32–34], considering the efficiency and
reliability of simulations. Namely, the multi-passage numerical model, which includes three
guide vanes, five impeller blades, five diffuser vanes, and five return channel passages to
achieve the rotor-stator pitch ratio being close to one (IGV-impeller pitch ratio is 0.965 and
impeller diffuser pitch ratio is 0.95 in this paper), as shown in Figure 2a.

Figure 2. Schematic diagram of the computational domain and computational grid: (a) all computa-
tional domain; (b) computational grid; (c) y plus.

All computational domains meshed with the structured grid generated by the NU-
MECA code Autogrid V5. The grid corresponding to the multi-passages model of the
impeller and diffuser is shown in Figure 2b. The number of grid points in each direction of
different blocks is adjusted to improve the grid quality. High precision and meticulous care
were exerted to preserve the boundary layer effect by adjusting the first layer grid height
close to the solid surfaces to ensure enough resolution near the solid walls and blade/vane
boundary layers. Therefore, as shown in Figure 2c, the value of y plus is less than 2 (the
minimum grid spacing near walls was 2 × 10−6 m). Compared with IGV0, grids for IGV30,
IGV45, and IGV60 are different only at the IGV, and the rest of the compressor components
adopt the same grid.
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To ensure the accuracy of the numerical results, a grid independence study was con-
ducted using different grid resolutions to compare with the experimental data. The grid
resolutions include coarse (68,260,000 nodes), medium (135,200,000 nodes), and fine
(300,200,000 nodes) for IGV0 case (at the design operation point) to study the influence of
the number of grids. The total pressure ratio and total-total efficiency of the compressor
stage are compared with the experimental data, as shown in Table 2. The results show
that the medium grid is in good agreement with the experimental data, and there is no
significant difference with the increase in the number of grids. The numerical uncertainty
estimation was conducted using the Grid Convergence Index Method (GCI) [35]. Therefore,
the medium grid is used in subsequent simulations considering the simulation accuracy
and computing time.

Table 2. Research on grid independence for different grid resolutions.

Coarse Medium Fine GCI Experimental

Total pressure ratio 1.4948 1.5426 1.5466 1.07% 1.5322
Total-total efficiency 90.13% 90.88% 90.92% 0.86% 89.39%

3.2. Numerical Scheme

Numerical simulations were conducted by the CFD solver ANSYS CFX 17.0. The per-
fect gas, air, was applied for the working medium. The turbulence model of shear stress
transport (SST) was used to close governing equations. Solid walls were treated as adiabatic
and non-slip conditions. Considering the consistency with the experimental measurement,
the stage inlet was specified as total pressure (98,000 Pa) and total temperature (267 K).
The mass flow rate was set at the stage exit.

Due to the difference in the pitch ratio between the IGV-impeller and impeller-diffuser
passages in the multi-passages, the stage model [36] is adopted for the interfaces in the
steady calculations. In unsteady calculations, the transient rotor-stator model was utilized
to the rotor-stator interfaces considering all transient flow characteristics.

Considering the solution accuracy and computational efficiency, the time step of 1◦

(∆t = 2.976722 × 10−5 s) was selected (the maximum value of the Courant number in
the simulations is 4.05). A loop of each time step was set to 20 inner iterations to ensure
numerical convergence and precision. Moreover, to obtain precise and stable calculation
data, once the monitoring parameters during the transient simulations become regular,
10 rotating cycles of the impeller were further made to make the analysis. Numerical
calculations were conducted using a high-performance workstation with 64 cores (2.8 GHz),
and each unsteady simulation took about 2500 CPU hours.

3.3. Modal Decomposition Method

To determine the flow patterns caused by low frequency in the compressor stage,
the POD method and DMD method are used to recognize coherent flow structures from
unsteady computational data to investigate unsteady behaviors in the centrifugal com-
pressor stage. The goal of the POD method is to describe the high-dimensional dynamic
process in a low-dimensional approximation and thus effectively reduce the amount of data
stored in relevant dynamic information. The application of the snapshot-POD method [37]
significantly simplifies the calculation in dealing with the complex flow and promotes the
study of the coherent structure of turbulence. The fundamental principle can be found in
the studies of Hutchinson [38] and Sirovich et al. [39]. The snapshot-POD method provides
a more effective way to describe the dynamic physical process, which can be characterized
accurately through a sequence of expressions that are optimal in the mean square sense and
are only space-related functions and time-related functions. Therefore, only the first few
items in the expression can accurately describe the whole dynamic process. The spectrum
analysis of the eigenvector (only time-related) can be used to identify the frequencies of
each POD mode that provide the spatial distribution in the flow field. The results show
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that this spatial-temporal information can be used to determine the dynamic behavior of
different flow structures in a complex unsteady flow environment [40]. The disadvantage of
the POD method is that it cannot recognize the patterns at particular frequencies. However,
the DMD method provides a pattern related to individual frequencies and complements
the POD analysis. The algorithm procedures can be found in the studies of Schmid [41].

4. Numerical Results and Analysis

This section includes the following parts: firstly, the steady and unsteady simulation
results are presented, as well as the numerical method validation, the comparison of
performance, and the effect of guide vane openings on the internal flow of the compressor
stage at low mass flow rates. Finally, to investigate the unstable flow mechanism of the
stage, the POD method and DMD method are used to recognize the coherent flow structures
at low mass flow rates.

4.1. Validation of the Numerical Methods

The experiments were performed in the Shenyang Blower Works Group Corporation.
The structure of the experimental platform is represented in Figure 3. Experimental
apparatuses and accuracy, data acquisition, and other measurement details can be found in
the previous work of our research group [31,42].

Figure 3. Schematic sketch of the experimental platform.

The accuracy of the numerical method is verified by comparing the stage aerodynamic
performance curves obtained by the steady and time-averaged unsteady numerical calcu-
lation with the experimental measurement data. The comparison between the numerical
results and the experimental data for the IGV0 and IGV60 cases is shown in Figure 4.
The abscissa is the flow coefficient (ϕ) defined by Equation (1), and the ordinate is the total
pressure ratio ε05 and polytropic efficiency η05, respectively. The ε05 and η05 are given in
Equation (2).

ϕ =
Qm

1
4 πD2

2ρU2
, (1)

ε05 =
Pt5

Pt0
η05 =

κ − 1
κ

ln
(

Pt5
Pt0

)
ln
(

Tt5
Tt0

) , (2)

where Qm is the mass flow rate and the isentropic exponent κ equals to 1.4.
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Figure 4. Comparison of numerical results with experimental data for the stage: (a) IGV0; (b) IGV60.

To further verify the accuracy of the numerical method, the spectrum analysis of the
static pressure fluctuation at the inlet of the diffuser is shown in Figure 5. This figure
compares the transient results and measurement data of IGV45 at low mass flow rate
condition (ϕ = 0.0833). As is shown in the figure, although the predicted amplitude is higher
than the experimental data, the expected low frequency, blade passing frequency (BPF),
and double blade passing frequency (2BPF) are in good agreement with the experimentally
measured value.

Figure 5. Spectrum analysis of the pressure fluctuations at the inlet of the diffuser: (a) the location of monitoring point
(b) IGV45 (ϕ = 0.0833).

It can be seen from Figures 4 and 5 that the URANS and SST turbulence model
with high-precision grid resolution can better simulate the complicated flow within the
compressor stage.

4.2. Effects of Positive Pre-Swirls on Aerodynamic Performance of the Stage

The performance curves of the stage under four IGV openings and different operating
conditions are shown in Figure 6. As pointed out before, IGV30, IGV45, and IGV60 produce
positive pre-swirl of 30, 45, and 60 degrees, respectively. It should be mentioned that the
calculation for the IGV0 case did not converge below ϕ = 0.0943, while the compressor
stage can operate normally below ϕ = 0.0943 in other instances (IGV30, IGV45, and IGV60).
The results show that the IGVs’ positive pre-swirl regulation can enlarge the operation
region of the low flow coefficient and shift the operating condition in the direction of
the low mass flow coefficient for the compressor stage. For the IGV30, if the mass flow
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rate continues to decrease, there will be non-convergence. Compared with the IGV0 case,
the IGV30, IGV45, and IGV60 improve by approximately 9.95% of stall/surge margin.

Figure 6. The performance map under different IGVs openings: (a) total pressure ratio;
(b) polytropic efficiency.

4.3. Effects of Guide Vane Opening on the Internal Flow of the Impeller

The span-wise distribution of relative flow angles at the impeller inlet (5 mm from
the leading-edge of the impeller) for four configurations of IGVs is shown in Figure 7.
The flow coefficient for IGV0 in the figure is 0.0943 (this is the minimum flow coefficient
when calculating IGV0), while that for IGV30, IGV45, and IGV60 is 0.0833 (the minimum
flow coefficient of the performance curve in Figure 6). It is observed that the global relative
flow angle at the impeller inlet is increased with the increase of IGV openings. It should
be noted that the relative flow angle of IGV0 is significantly lower than that of the other
three configurations, although the IGV0 has a larger flow coefficient. This phenomenon
also indicates that the adjustment of the IGV positive pre-swirl changes the flow situation
at the impeller inlet and widens the operating range of the compressor stage at low mass
flow conditions. The incidence angle of the impeller inlet (the difference between the
blade angle and the relative flow angle) under the four IGV configurations at 97% span
is approximately 21.45◦, 17.37◦, 11.7◦, and 8.2◦, respectively. A large incidence angle will
cause the flow of the impeller inlet to be more tangential, resulting in the flow at the
impeller inlet being complicated.

Figure 7. Relative flow angle distributions at the impeller inlet.

The relative Mach number and streamline distributions at 97% span of the impeller
at ϕ = 0.0833 are compared in Figure 8. For the IGV30, due to the small relative flow
angle of the impeller inlet (see Figure 7), the flow at the impeller inlet is almost tangential.
The interaction between the incoming flow and the tip clearance flow strengthens the flow
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separation on the suction surface of the impeller, making the tip clearance flow overflow
at the impeller inlet. Furthermore, the overflow phenomenon influences the relative flow
angle of the impeller inlet. As the fluid flows downstream, the flow separation formed
at the suction surface of the blade extends to the impeller outlet. With the increase of the
opening of the guide vane, there is no overflow phenomenon at the impeller inlet due to
the low positive incidence angle for IGV45 and IGV60 cases. However, the interaction
between the tip clearance flow in the middle part of the suction surface and the low-velocity
mainstream forms an apparent low momentum region in the rear region of the impeller
passage. The results show that the increase of IGV opening reduces the area of suction
surface flow separation and delays the formation of the tip clearance leakage flow in
the impeller passage. Moreover, the overflow phenomenon will appear at the impeller’s
leading-edge when the impeller inlet’s incident angle is greater than 11.7◦.

Figure 8. Relative Mach number and streamlines distribution at 97% span (ϕ = 0.0833): (a) IGV30; (b) IGV45; (c) IGV60.

To further investigate the flow at the impeller inlet when the guide openings were
deflected from 30◦ to 60◦, the fast Fourier transform (FFT) method was utilized to perform
spectrum analysis of the monitoring point at the impeller inlet. The location of the moni-
toring point (97% span), and the spectrum analysis results are shown in Figure 9. For the
IGV30 case (Figure 9b), larger amplitudes of pressure fluctuations appear at 23.394 Hz,
11 IPF, and 20 IPF (11 and 20 are the number of IGV and vaned diffuser, see Table 1),
(IPF = n/60 = 93.33 Hz is machine shaft frequency). The maximum fluctuation amplitude
appears at 23.394 Hz, indicating that the unstable flow at the leading-edge of the impeller
was related to this frequency at ϕ = 0.0833. It is worth noting that under this mass flow
rate condition (ϕ = 0.0833), the seriously unstable flow phenomenon corresponding to the
low frequency in the IGV30 impeller does not occur in the IGV45 and IGV60 impeller. As
can be seen from Figure 10b, in IGV45 and IGV60 the unstable flow at the impeller inlet
was mainly affected by the guide vane wake effect and the impeller-diffuser interaction.

Figure 9. Spectrum analysis of the pressure fluctuations at the impeller inlet: (a) the location of monitoring point; (b) three
types of guide vane openings (ϕ = 0.0833).
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Figure 10. Contours of the instantaneous relative velocity vector and corresponding entropy increase
in the impeller passages (IGV30, 97% span, ϕ = 0.0833): (a) relative velocity vector; (b) static entropy.

Figure 10 shows the instantaneous relative velocity vector distributions and entropy
contours at impeller 97% span for IGV30. The relative velocity vector in Figure 10a shows
that the incoming flow enters the passages on the left side of blade 1 along the tangential
direction, which increases the flow incidence angle. Due to the nonuniformity of the
incoming flow entering the blade passages, the flow separation region appears in the
passages between impeller blades 1–2 and blades 2–3, and thus the effective flow area
decreases. Meanwhile, in the flow passages between blades 3 and 4, the incidence angle of
flow decreases. This reduction improves the flow situation in this passage and then moves
the separation region in the passage to the opposite direction of the impeller rotation.

Entropy increase can be used to characterize the flow at the impeller inlet. The over-
flow is formed by the tip leakage flow and the incoming flow mixing at the impeller inlet,
forming a higher entropy gradient. Therefore, the flow separation at the impeller inlet has
a great influence on the internal flow of the impeller, so that the incoming flow cannot flow
into the impeller passages and result in a large flow loss.

To further explore the phenomenon of unstable flow in the IGV30 impeller, the static
entropy contours extracted at the 97% span for three different moments are shown in
Figure 11. At the instant t1 = 0.11135 s, a high entropy increase zone appears at the leading-
edge of blades 3 and 4. After some time, at t2 = 0.11338 s, the high entropy region moves
to the front of the leading-edge of blades 2 and 3. At t3 = 0.11734 s, the high entropy
region shifts into the adjacent passage between blades 1 and 2. The evolution of this
phenomenon can also be obtained from the spectral analysis of the monitoring points in
Figure 9b. The unstable flow in the impeller for IGV30 spreads in the impeller’s leading-
edge against the impeller’s rotation direction, and its speed is about 25.07% of the impeller
rotation speed.

Figure 11. Contours of instantaneous static entropy in the impeller passages (97% span, IGV30, ϕ = 0.0833): (a) t1 = 0.11135 s;
(b) t2 = 0.11338 s; (c) t3 = 0.11734 s.

Based on the above analysis, the unstable flow caused by the low frequency signifi-
cantly influences the flow near the shroud of the impeller for the IGV30 case. The DMD
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method is used in the pressure field to extract the specific flow patterns corresponding to
low frequency and investigate the large-scale coherent structures inside the impeller. In the
unsteady simulation, a total ensemble of 2160 (during six revolutions) instantaneous static
pressure field data are extracted for the DMD analysis. The pressure field for DMD mode
of the low frequency at 97% span is shown in Figure 12. As can be seen from Figure 12,
the large-scale vortex structures caused by the low frequency propagate in the impeller pas-
sages, and block part of the impeller passages so that the fluid cannot flow normally from
the passages to the downstream. These vortex structures will propagate in the impeller
passages and form large-scale flow separation, which may be one of the main reasons why
the compressor stage cannot operate normally below ϕ = 0.0833 in the IGV30 case.

Figure 12. The pressure field for DMD mode of 23.394 Hz at 97% span of the impeller (IGV30, ϕ = 0.0833).

4.4. Effects of Guide Vane Openings on the Flow Field of the Vaned Diffuser

Static pressure signals are recorded by three numerical probes positioned at the 97%
span of a vaned diffuser passage to explore the effect of IGV opening on the unsteady
flow characteristics in the vaned diffuser, as shown in Figure 13a. The M1, M2, and M3
monitoring points are located at the middle of two vane leading-edges, flow passage, and
trailing-edge, respectively. The FFT method carries out the spectral analysis of M1 to M3
in the vaned diffuser, and the results are shown in Figure 13b–d. The results show that
there are three isolated discrete frequencies at 23.394 Hz, blade passing frequency (BPF)
and 2BPF. However, there are some differences in the amplitude of discrete frequencies
between the two different IGV openings.

As can be seen in Figure 13b–d, the unstable flow in the diffuser is mainly caused by
the low frequency (23.394 Hz) and impeller-diffuser interaction, with three kinds of the
IGV’s opening at ϕ = 0.0833. The amplitude of the low frequency (23.394 Hz) increases
slightly from the diffuser inlet to the outlet under the three guide vane openings, which
indicates that the unstable flow caused by the low frequency moves downstream along
the diffuser passages, and interaction with other secondary flow makes the unstable flow
strengthen slightly. For the IGV30 case, the unstable flow in the diffuser is dominated by
the low frequency (23.394 Hz). With the increase of the guide vane openings (for the IGV45
and IGV60), the unstable flow at the diffuser inlet is dominated by the impeller-diffuser
interaction and the low frequency (23.394 Hz) dominates the unstable flow in the diffuser
as the fluid flows downstream. It is worth noting that with the increase of the guide vane
opening, the pressure fluctuation caused by the unstable flow in the diffuser passages
gradually decreases, which indicates that increasing positive pre-swirl can effectively
weaken the strength of the unstable flow in the diffuser.

Two flow decomposition methods (POD and DMD method) are utilized to analyze
the unsteady flow data under three diffuser openings to distinguish and characterize the
coherent flow patterns of the unstable flow in the diffuser passages. The POD method helps
to fully understand the influence of IGV openings on the flow field inside the compressor
at low mass flow rates. The DMD method identifies the flow pattern at a specific frequency
to supplement the POD method.

The resolution of the spectra is essential when studying the unstable flow phenomenon.
Therefore, the snapshot number used in this paper was 2160 instants of the transient
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pressure field with a time step of 8.90541 × 10−5 s. The cross-section studied was the
diffuser 97% span to maintain the consistency of the investigation. Figure 14 displays the
eigenvalues of the first 100 POD modes (normalized by the first POD eigenvalues of IGV30)
under three guide vane openings, which represent the relative contribution of the POD
mode to the flow field energy. With the increase of the POD mode, the eigenvalues of the
first several POD eigenmodes dropped rapidly and then decreased slowly, which indicated
that the first several POD modes could well represent the pressure fluctuation of the whole
flow field. As shown in Figure 14, the pressure fluctuation energy in the flow field decreases
with the guide vane opening, which was consistent with the spectrum analysis at the above
monitoring point (see Figure 13). The curves of the three cases in Figure 14 show that the
first four order POD modes have the highest pressure fluctuation energy, which is related to
the vortex structures in the flow field. Hence, the first four order POD modes were chosen
for analysis and flow field reconstruction. The corresponding time information of the
coherent flow structures as shown in Figure 15 and the corresponding spatial distribution
of the first four order POD modes as shown in Figure 16 were obtained.

Figure 13. Spectrum analysis of pressure fluctuations at the monitor points in the diffuser passage
(ϕ = 0.0833): (a) the location of monitoring point, (b) IGV30, (c) IGV45, (d) IGV60.

Figure 14. Normalized eigenvalues of the first 100 POD eigenmodes.
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Figure 15. Spectrum analysis of modal coefficients for the POD modes of pressure fields in the diffuser (97% span,
ϕ = 0.0833), (a) IGV30, (b) IGV45, (c) IGV60.

Based on the spectrum analysis mentioned above (Figure 13) and spectrum analysis of
the POD modes coefficients, the unstable flow phenomenon caused by the low frequency
(23.394 Hz) appears in diffuser passages for three configurations. From the detailed view
for the corresponding spectrum of the first two POD modes in IGV30 and IGV45 cases
(Figure 15a,b), the low frequency dominates the flow of the 97% span of the diffuser. With
the increase of the guide vane opening, the low frequency and the BPF jointly dominate the
unstable flow in the diffuser. However, the BPF has higher energy under the IGV60 case
(Figure 15c), which also reflects that a large-positive pre-swirl of the guide vane improves
the flow at the diffuser inlet, and then effectively reduces the unstable flow effect caused
by low frequency on the compressor stage.

From the spatial distribution of the first two POD modes for the IGV30 case in
Figure 16a, the large-scale pressure fluctuations mainly appear in the throat and passages
of the diffuser and then block the diffuser passages. Combined with the spectrum analysis
in Figure 15a, the first two POD modes can be interpreted as unstable flow patterns caused
by low frequency. Under the interaction of low frequency and BPF, it can be seen from the
spatial distribution of the first two POD modes of the IGV45 and IGV60 (Figure 16b,c) that
the main large-scale pressure fluctuation region appears at the diffuser inlet. The vortex
structures originate from the suction surface at the diffuser vane inlet and extend to the
leading-edge of the next vane, thereby blocking the diffuser passages. Compared with
the IGV30 case, the region and strength of the large-scale flow structures are reduced for
the IGV45 and IGV60 cases. With the increase of the POD modes, the large-scale flow
structures corresponding to the third and fourth POD modes still show slight blockage in
some diffuser passages under the action of the low frequency. In contrast, the large-scale
pressure fluctuation mainly appears near the diffuser inlet under the act of BPF.
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Figure 16. Spatial distribution of the pressure field for the first four POD eigenmodes in the diffuser
(97% span, ϕ = 0.0833): (a) IGV30, (b) IGV45, (c) IGV60.

According to the above POD analysis, the unstable flow patterns caused by low
frequency significantly influence the diffuser. The coherent flow structures for DMD mode
of the low frequency at 97% span of the diffuser are shown in Figure 17. The coherent
flow structures caused by the low frequency appear in diffuser passages as a positive and
negative pressure fluctuation region, resulting in blockage of the diffuser passages, as
well as the blockage degree decreasing with the increase of the guide vane openings. It
is worth noting that, compared with the IGV30 and IGV45, the coherent flow structures
caused by low frequency weaken and appear at the diffuser inlet of the IGV60. This
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phenomenon indicates that the vortex structures caused by the low frequency are mainly
located at the inlet and throat of the diffuser, blocking the fluid normal flow into the
diffuser passages, resulting in the flow inside the diffuser being more complex. Moreover,
the change of the coherent structures within the diffuser from IGV30 to IGV60 also reflects
the attenuation/release process of the unstable flow caused by low frequency.

Figure 17. Spatial distribution of the pressure field for DMD modes of the low frequency (97% span,
ϕ = 0.0833): (a) IGV30; (b) IGV45; (c) IGV60.

5. Conclusions

Steady and unsteady numerical calculations have been applied to study the internal
flow of a compressor stage with VIGVs. Conventional research methods and modal
decomposition methods have been performed to study three IGV configurations producing
positive pre-swirls, including IGV30, IGV45, and IGV60 at low mass flow rate conditions.
The main conclusions are summarized as follows:

(1) With increasing positive pre-swirl, the minimum mass flow rate at which the compres-
sor can operate becomes smaller. Therefore, a stall margin gets larger when coupled
with a decreased pressure ratio. Compared with the IGV0 case, the IGV30, IGV45,
and IGV60 improve approximately 9.95% of stall (surge) margin;

(2) The unstable flow phenomenon caused by the low frequency (23.394 Hz) in the
impeller of the IGV30 case at ϕ = 0.0833 (72.9% design flow point) was determined by
the methods of streamline distribution, spectrum analysis, vector, entropy increase,
and modal decomposition, and the unstable flow structure propagates in the impeller
at a speed of nearly 25.07% of the machine shaft frequency along the reverse direction
of the impeller rotation. However, there was no similar unstable flow phenomenon
by the low frequency in the impeller under the other two guide vane openings.
The regulation of IGV improves the flow inside the impeller and then broadens the
stable operating range of the compressor stage;

(3) Combined with the monitoring point spectrum analysis and modal decomposition
method, it is determined that the unstable flow phenomenon caused by the low
frequency appears in the diffuser with three guide vane’s openings at ϕ = 0.0833.
The unstable flow in the diffuser is mainly caused by the low frequency and impeller-
diffuser interaction. When the positive pre-swirl of the guide vanes is small, the
unstable flow caused by low frequency dominates the flow inside the diffuser, while
the positive pre-swirl of the guide vane increases, the flow inside the diffuser is
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dominated by low frequency and the impeller-diffuser interaction, and the strength
of the unstable flow is significantly weakened. As a result, the risk of the diffuser
passages blockage is reduced, which is also a fundamental reason for the guide vane’s
regulation to broaden the operating range of the compressor. Moreover, the unstable
flow caused by the low frequency attenuation/release process of the diffuser can be
predicted with the DMD method.
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Nomenclature

VIGV variable inlet guide vane
IGV inlet guide vane
POD proper orthogonal decomposition
DMD dynamic modal decomposition
k adiabatic exponent
Pt total pressure (Pa)
Tt total temperature (K)
Qm mass flow rate (kg/s)
D diameter
BPF blade passing frequency
IPF impeller passing frequency
FFT fast Fourier transform
t time
∆t time step
0 centrifugal compressor stage inlet
1 impeller inlet
2 impeller outlet
3 diffuser inlet
4 diffuser outlet
5 centrifugal compressor stage outlet
λ POD eigenvalue
n number
ϕ mass flow coefficient
ε total pressure ratio
ηpol total–total polytropic efficiency
ω direction of impeller rotation
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