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ABSTRACT: This study explores the aerodynamic performance and flow field characteristics of supercritical carbon
dioxide (sCO2) centrifugal compressors under varying operating conditions. In particular, the Sandia main compressor
impeller model is used as a reference system. Through three-dimensional numerical simulations, we examine the Mach
number distribution, temperature field, blade pressure pulsation spectra, and velocity field evolution, and identify
accordingly the operating boundaries ensuring stability and the mechanisms responsible for performance degradation.
Findings indicate a stable operating range for mass flow rate between 0.74 and 3.74 kg/s. At the lower limit (0.74 kg/s), the
maximum Mach number within the compressor decreases by 28%, while the temperature gradient sharpens, entropy
rises notably, and fluid density varies significantly. The maximum pressure near the blades increases by 6%, yet flow
velocity near the blades and outlet declines, with a 19% reduction in peak speed. Consequently, isentropic efficiency
falls by 13%. Conversely, at 3.74 kg/s, the maximum Mach number increases by 23.7%, with diminished temperature
gradients and minor fluid density variations. However, insufficient enthalpy gain and intensified pressure pulsations
near the blades result in a 12% pressure drop. Peak velocity within the impeller channel surges by 23%, amplifying
velocity gradients, inducing flow separation, and ultimately reducing the pressure ratio from 1.47 to 1.34.

KEYWORDS: Supercritical carbon dioxide; centrifugal compressor; variable operating condition analysis;
aerodynamic characteristics; flow field analysis

1 Introduction
Global scrutiny has increasingly focused on the primary energy sources of the Earth, particularly in

light of the environmental repercussions associated with fossil fuel use. It is imperative to urgently address
the challenges related to potential fuel alternatives and the prudent management of existing resources.
In efforts to enhance the overall thermal efficiency of energy systems, carbon dioxide (CO2) has been
introduced as an innovative working fluid in waste heat power generation systems, even at lower turbine
inlet temperatures [1]. In addition, a series of challenges related to the industrialization of the sCO2 power
system have also been proposed in advance [2]. Therefore, people need power generation technologies
with higher energy utilization efficiency. sCO2 Brayton cycle power generation technology is also gradually
becoming a research hotspot. Supercritical carbon dioxide as the working medium in the Brayton cycle
Power systems with efficient and environmentally friendly advantages have garnered widespread attention.
Mubashir et al. [3] conducted a thermoeconomic analysis and optimization study was conducted on the sCO2
Brayton cycle, enhancing its thermodynamic and economic performance. Researchers have also studied the
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layout, applications, and operating conditions of sCO2 [4–7]. The demand for efficient and environmentally
friendly conversion systems is steadily increasing. As a crucial component in power cycle systems, research
on sCO2 centrifugal compressors is particularly significant.

Based on the advantages of supercritical carbon dioxide (sCO2) Brayton cycle technology, research on
this cycle has steadily gained traction. Sandia National Laboratories and the Tokyo Institute of Technology
have conducted experimental tests to demonstrate the feasibility of the sCO2 Brayton cycle [8–10]. Pecnik
et al. [11] conducted a numerical analysis of a radial inflow sCO2 compressor using the Spalart-Allmaras
(S-A) model and the two-equation SST turbulence model, and compared the numerical results with the
sCO2 compression cycle test data from Sandia National Laboratories. Rinaldi et al. [11,12] conducted a
numerical simulation study was conducted on the Sandia main compressor impeller, revealing that the
simulated efficiency and pressure ratio values exceeded those obtained from experimental results. Notably,
the isentropic efficiency in the simulations surpassed the experimental values by more than 10%. Lettieri
et al. [13] found that the isentropic efficiency of centrifugal compressors with blade diffusers is improved
by 3.5% compared to those with no blade diffusers. Compared to air, the sCO2 working fluid in centrifugal
compressors at low flow coefficients is more significantly controlled by the Ekman boundary layer at
the diffuser leading edge, thereby reducing the stable operating range. Due to the losses at the blades
of the sCO2 centrifugal compressor, Gasparin et al. [14] enhanced the design methodology of the sCO2
centrifugal compressor for low mass flow conditions, resulting in improved overall pressure ratios and
efficiency. Hosseinpour et al. [15] introduced a novel one-dimensional design approach aimed at expanding
the operating range of the sCO2 centrifugal compressor. Zheng et al. [16] discovered that decreasing the
side outlet width of the bladeless diffuser cover can significantly reduce backflow and enhance compressor
efficiency. At the same time, researchers have proposed several new methods for analyzing centrifugal
compressors [17–19].

Stability has long been a primary concern in the study of compressor stages. Understanding and
analyzing the unpredictable flow within these stages is particularly crucial for developing flow control
technologies and enhancing flow stability [20,21]. CFD simulation plays a vital role in assessing the impact of
mass flow on compressor performance. Utilizing CFD for performance evaluation also aids in understanding
fluid instabilities and identifying necessary design modifications to minimize losses and enhance efficiency
under varying flow conditions [16,22]. Research indicates that variations in the mass flow rate significantly
affects compressor performance, particularly in achieving higher efficiency and stability. Kim et al. [23]
investigated the flow variables inside the compressor to explore the main reasons for the relatively high
efficiency of the compressor near the critical point. Yang et al. [24] found that flow loss is associated with
vortices formed within the compressor, which are induced by flow separation in the downstream region
of the impeller passage. Fujisawa et al. [25] and Zamiri et al. [26] studied the diffusers of centrifugal
compressors with different blade configurations and found that the flow characteristics at the diffuser inlet
determine the flow stability within the centrifugal compressor. Yang et al. [27,28] investigated the impact
of pressure fluctuations on compressibility stability under unsteady conditions. The operating range of a
compressor is constrained by two extremes: surge and choke. At these extremes, the compressor’s efficiency
is significantly lower than under normal operating conditions. Consequently, the stable operating conditions
of the compressor are limited to these two boundaries. To expand the operating range of centrifugal
compressors, a more comprehensive examination of their aerodynamic characteristics and internal flow
behavior under extreme conditions is necessary.

This paper investigates the changes in aerodynamic performance and flow characteristics of supercritical
carbon dioxide (sCO2) centrifugal compressors under varying operating conditions. The research utilizes a
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compressor impeller from Sandia National Laboratories. The study determines the limiting operating condi-
tions for stable compressor operation and analyzes the aerodynamic performance and flow characteristics of
the compressor within these limits. Additionally, the research elucidates the flow mechanisms responsible for
performance degradation under off-design conditions in sCO2 centrifugal compressors, thereby providing
a theoretical foundation for the optimal design of supercritical fluid machinery.

2 Subjects and Methods

2.1 Research Subject
The geometric model parameters of the centrifugal compressor discussed in this paper have been

carefully selected based on data from Sandia National Laboratories [10]. Table 1 presents the primary
one-dimensional aerodynamic design parameters of the compressor impeller.

Table 1: One-dimensional aerodynamic parameters of the main compressor impeller at Sandia Laboratory

Parameter Unit Value
Import temperature K 305.3

Import pressure MPa 7.69
Import wheel hub radius mm 2.537
Import wheel rim radius mm 9.372

Outlet blade radius mm 18.681
Exit blade height mm 1.712

Blade tip clearance mm 0.254
Number of blades 6 + 6

Impeller inlet mounting angle ○ 40
Impeller outlet mounting angle ○ 50

This paper first conducts a numerical simulation of a centrifugal compressor equipped with a blade
diffuser mounted on the impeller. It then compares the numerical simulation results with experimental
data to verify the reliability of the simulation. Table 2 presents the selected geometric parameters of the
vaned diffuser.

Table 2: Geometric parameters of vaned diffuser

Parameters Unit Value
Inlet radius mm 18.98

Outlet radius mm 33.4
Inlet blade height mm 1.8

Outlet blade height mm 1.8
Inlet blade angle ○ 7.4

Inlet blade thickness mm 0.01
Outlet blade thickness mm 6

Diffuser angle ○ 7.9
Blade number 17
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Fig. 1 illustrates the geometric model of the compressor, which has been reconstructed based on the
aforementioned parameters. In comparison to the impeller of the Sandia compressor, it demonstrates a high
degree of similarity.

Figure 1: The impeller of the compressor (a); Compressor with blade diffuser (b)

To facilitate the simulation experiments and simultaneously obtain the extreme operating conditions of
the compressor, this paper will focus on the sCO2 centrifugal compressor equipped with a bladeless diffuser.
The geometric parameters of the bladeless diffuser are presented in Table 3.

Table 3: Geometric parameters of the bladeless diffuser

Parameter Unit Value
Inlet radius mm 18.98

Outlet radius mm 38.7
Inlet height mm 1.8

Outlet height mm 1.8
Inlet thickness mm 0.01

Outlet thickness mm 6

The compressor model featuring a bladeless diffuser is illustrated in Fig. 2. This paper will conduct
additional numerical simulation studies on the sCO2 centrifugal compressor based on this model.

2.2 Numerical Methods and Validation
The supercritical carbon dioxide centrifugal compressor is a typical impeller machine. In this study,

we employ conservation equations to analyze compressible fluids, which include the mass conservation
equation, the momentum equation, and the energy equation. The Reynolds-Averaged Navier-Stokes (RANS)
equations [29] are a widely used method for solving such flow problems. Utilizing the RANS equations for
numerical simulations can yield sufficient accuracy, making them suitable for most engineering applications.
Consequently, we have chosen to apply the RANS equations for the simulation calculations in this study. For
supercritical carbon dioxide centrifugal compressors, the RANS equations encompass the following:
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Figure 2: The compressor model with bladeless diffuser

The mass conservation equation reads:

∂ρ
∂t
+∇ ● (ρν) = 0 (1)

where ρ is the density and v the fluid velocity.
The mass conservation equation in the time-averaged (RANS) form reads:

∂ρ
∂t
+∇ ● (ρν) = 0 (2)

where the overbar denotes time-averaged quantities.
Among them, v is decomposed into the time-averaged value v and the fluctuating component v′.
The momentum equation reads:

∂
∂t
[ρν] + ∇ ● {ρνν} = −∇p +∇ ● (τ) (3)

where τ is the viscous stress tensor.
After time-averaging Eq. (3), it reads:

∂ (ρui)
∂t

+
∂ (ρuiu j)

∂x j
= − ∂p

∂xi
+ ∂

∂x j
[μ (∂ui

∂x j
+

∂u j

∂xi
)] − ∂

∂x j
ρu′iu

′

j (4)

where u
′

i is the fluctuating velocity component, p is the time-averaged pressure, and − ∂
∂x j

ρu′iu
′

j is the
turbulent stress term (∇ ● τRe).

The energy equation reads:

∂
∂t
[ρe] + ∇ ⋅ [(ρe + p)→v ] = ∇ ⋅ (k∇T + →v ⋅ τ) (5)

where k is the thermal conductivity.
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When employing the Reynolds-Averaged Navier-Stokes (RANS) method, it is essential to time-average
the equations and incorporate turbulence-related energy transport terms:

∂
∂t
[ρe] + ∇ ⋅ [(ρe + p) v] = ∇ ⋅ (k∇T + v ⋅ τ + v ⋅ τRe + v′ ⋅ τ′) (6)

where e is the total energy, e = h − p
ρ +

1
2 v2.

Due to the high density and low viscosity of supercritical carbon dioxide (sCO2), the flow within the
impeller exhibits turbulent flow. Consequently, the Shear Stress Transport (SST) k-ω Turbulence Model [30]
was utilized to represent the Reynolds stress contribution τRe, which in turn depends on the turbulent
viscosity requiring the solution of the following two equations.

The equation for turbulent kinetic energy (k):

∂ (ρk)
∂t

+ ∂ (ρkui)
∂xi

= ∂
∂x j
[(μ + μt

σk
) ∂k

∂x j
] +Gk +Gb − ρε − Ym + Sk (7)

The dissipation equation:

∂ (ρε)
∂t

+ ∂ (ρεμi)
∂x j

= ∂
∂x j
[(μ + μi

σε
) ∂ε

∂x j
] +G1ε

ε
k
(Gk +G3εGb) − C2ε ρ ε2

k
+ Sε (8)

Among them, ∂(ρkui)
∂xi

is the convection term, ∂
∂x j
[(μ + μi

σk
) ∂k

∂x j
] is the diffusion term, μt is the turbulent

viscosity, σk is the turbulent Prandtl number, Gk is the turbulent kinetic energy production term, Gb is
the buoyancy production term, ρ3 is the dissipation term, 3 is the turbulent dissipation rate, Ym is the
compressibility turbulence dissipation correction term, Sk is the additional source term, G3 is the turbulent
dissipation production term, C2ε ρ ε2

k is the final turbulent energy dissipation term, S3 is an additional
source term.

The sCO2 centrifugal compressor operates near the critical point, where the properties of CO2 undergo
significant changes. This study employs the Span-Wagner (SW) equation of state for CO2 to generate RGP
tables of varying resolutions for numerical simulation software. The temperature range is 273 to 320 K, the
pressure range is 5 to 16 MPa, and the resolution is 500 × 500.

The calculation is conducted in a single pass from the impeller inlet to the diffuser outlet. The mesh is
refined at the blades using a structured grid. The grid is divided into 450,000, 530,000, 640,000, 780,000, and
920,000 elements for grid independence verification. By comparing the calculation results, it was determined
that when the total number of grid elements reaches 640,000, the calculated efficiency does not exhibit
significant changes (Fig. 3). Therefore, 640,000 grid elements were selected for the numerical calculations,
as illustrated in Fig. 4. An O-type grid was employed to accommodate the circular arc sections at the leading
and trailing edges of the blade.

The experimental data for the main compressor operating at 55,000 rpm, released by Sandia, is the
most comprehensive available; therefore, numerical simulations are conducted for this specific operating
condition. This paper presents both steady and unsteady simulation calculations of the aerodynamic per-
formance of the sCO2 centrifugal compressor, utilizing the commercial software ANSYS CFX for numerical
computations. In ANSYS CFX, a fully implicit coupled solver known as the Coupled Algebraic Multigrid
(CAMG) method [31], is employed. For the spatial discretization numerical scheme, the convection and
diffusion terms are addressed using a second-order upwind scheme, while the gradient term is handled with
a central difference scheme that achieves second-order accuracy. Additionally, the diffusion term is corrected
using the least squares method.
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Figure 3: Grid independence verification

Figure 4: Compressor single-channel mesh

ANSYS CFX is a finite volume method that employs elements and utilizes second-order discretization
schemes in both space and time [32], the solver for compressible flow at subsonic speeds utilizes a fully
implicit coupled pressure-based method. The time term employs the default Euler method, adhering to the
principle of maintaining a Courant number of less than 1 to control the time step.

The numerical calculation employs the Reynolds-averaged Navier-Stokes (N-S) equations. The inlet
conditions for the compressor are defined as axial uniform inflow, with a pressure of 7.89 MPa and a
temperature of 306.4 K. The mass flow rate at the compressor outlet is 2.04 kg/s.

Due to the experiment conducted at 55,000 rpm, which includes both design and non-design inlet
condition data, the experimental data at this speed is more comprehensive. Consequently, this paper selects
the experimental condition at 55,000 rpm as the primary focus for numerical simulation in this chapter.
Additionally, the performance curve at the inlet condition of 55,000 rpm is established as the baseline
condition for the numerical simulation research.
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The calculation process begins by establishing the stator in a frozen state (Frozen Stator, FS) at both
the inlet and outlet of the impeller. Based on the specified boundary conditions, steady-state calcula-
tions are performed. The impeller domain is designated as the rotating domain, operating at a speed of
55,000 rpm, while the remaining domains are treated as stationary. The frozen rotor method is employed
to manage the interface between the rotating and stationary domains. The wall is configured with adiabatic
no-slip conditions, and the turbulence model utilizes the SST k-ω automatic wall treatment (AWT) mode.
The turbulence intensity is set to 5%, and a higher-order solver scheme is implemented in the solver settings.

The solution that converged in the first stage will serve as the initial flow field for subsequent unsteady
calculations. The steady-state (FS) condition has been replaced with the Transient Rotor/Stator (TR/S)
condition. By varying the mass flow rate parameters at the outlet, we can obtain the calculation results for
the internal flow field and the dynamic behavior of the compressor under different flow conditions. When
conducting unsteady calculations on a sCO2 centrifugal compressor, it is crucial to select an appropriate
time step to accurately capture the intricacies of the flow field within the impeller. The time step is typically
measured in seconds. For the unsteady analysis of the sCO2 centrifugal compressor, the rotational speed is
set at 55,000 rpm. The compressor features a total of six main and shroud rotor blades, and the time step is
established at 1.85 × 10−5 s, which indicates that it takes approximately 354 steps for the impeller to complete
one full rotation. During the calculation process, it is essential to monitor the mass flow rate at the inlet and
the total pressure at the outlet. When the difference in mass flow rates between the inlet and outlet is less
than 0.5%, the total pressure curve exhibits minimal fluctuations, and the global residuals are all below 10−4,
the solution can be considered converged.

Fig. 5 shows the trend of the total pressure ratio of the compressor with varying mass flow rates for both
experimental [33] and simulated results. As the mass flow rate increases, the total pressure ratio decreases.

Figure 5: Comparison of simulation and experimental results

Fig. 6 illustrates the comparison of isentropic efficiency between numerical simulations and experi-
mental results. Both the numerical simulation and experimental data exhibit consistent trends; however,
there is a notable deviation between the two sets of results. This discrepancy can be attributed to several
factors, including errors in the machining process of the main compressor at the early Sandia Laboratory
in the United States, as well as blade deformation that occurred during the experiments. These factors
contribute to the differences observed between the numerical simulation results and the experimental
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findings. Additionally, the numerical simulation only accounts for the rotating components of the centrifugal
compressor, specifically the centrifugal impeller, whereas the efficiency measured in the tests encompasses
the entire main compressor. Consequently, the isentropic efficiency derived from the numerical simulation
is expected to be higher.

When the trend of numerical simulation results is consistent with or close to the experimental results,
it is considered that the numerical simulation has high accuracy.

Figure 6: Comparison of isentropic efficiency between simulation and experiment

3 Results and Discussion

3.1 Analysis of the Range of Steady-State Conditions
First, a numerical simulation of the full mass flow conditions of the sCO2 centrifugal compressor

is conducted. The final converged conditions of the maximum and minimum mass flow rates from the
compressor simulation are utilized as the extreme values of the mass flow range to determine the operational
limits of the research subject in this paper. The variation curves of pressure ratio and isentropic efficiency
within this range are illustrated in Fig. 7. The results indicate that the stable operating mass flow range of the
compressor extends from 0.74 to 3.74 kg/s. Within this range, when the mass flow rate is below 2.04 kg/s,
the change in pressure ratio remains relatively steady. However, when the mass flow rate exceeds 2.04 kg/s,
the decrease in pressure ratio becomes more pronounced. At 3.74 kg/s, the total pressure ratio drops to 1.34,
while at 0.74 kg/s, it remains at 1.46. Consequently, low mass flow rates have a minimal impact on the pressure
ratio, whereas variations in the pressure ratio under higher mass flow conditions are more significant.

Isentropic efficiency exhibits varying trends based on operating conditions. When operating below the
design specifications, the change in the isentropic efficiency of the compressor becomes quite pronounced.
At a mass flow rate of 0.74 kg/s, the isentropic efficiency is 68.5%, representing a decrease of 12.9% compared
to the 81.4% efficiency observed at 2.04 kg/s. Conversely, at a mass flow rate of 3.74 kg/s, the isentropic
efficiency is 77.3%, which reflects only a 4.1% decrease relative to the 2.04 kg/s condition. Thus, it is evident
that mass flow rates below the design specifications significantly affect the isentropic efficiency of the
compressor, whereas mass flow rates above the design specifications have a comparatively minor impact on
the isentropic efficiency.
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Figure 7: Pressure ratio and isentropic efficiency variation curves across the full operating range

Therefore, the isentropic efficiency of the compressor is significantly influenced by operating conditions
at mass flow rates below 2.04 kg/s. In contrast, the isentropic efficiency is comparatively less affected by
operating conditions at mass flow rates above 2.04 kg/s.

3.2 Mach Number Analysis
The Mach number is a dimensionless parameter that represents the ratio of the fluid’s speed to the local

speed of sound. Its magnitude significantly influences compressor performance, including pressure ratio,
efficiency, and flow characteristics. Consequently, an analysis of the Mach numbers of the sCO2 centrifugal
compressor under two extreme conditions, as well as the design condition, is conducted.

To visually illustrate the Mach number distribution along the streamlines of the compressor, Fig. 8
presents the normalized Mach number distribution curve in the flow direction of the compressor. Under the
operating condition of 2.04 kg/s, the maximum Mach number is 0.32. When the mass flow rate is reduced to
0.74 kg/s, the Mach number within the compressor decreases, with a maximum value of 0.25, representing
a 28% reduction compared to the 2.04 kg/s operating condition. Conversely, at the 3.74 kg/s operating
condition, the Mach number distribution near the leading and trailing edges of the impeller becomes more
irregular, exhibiting a local maximum Mach number of 0.396, which is an increase of 23.7% compared to the
2.04 kg/s operating condition.

Fig. 9 illustrates the Mach number distribution in the 50% span region of the compressor at various mass
flow rates. As the mass flow rate increases, the Mach number distribution within the compressor becomes
increasingly non-uniform, especially at the leading and trailing edges of the blades, where the gradient of the
Mach number distribution increases significantly.

3.3 Temperature Field Analysis
Fig. 10 illustrates the internal temperature distribution of the compressor under various operating

conditions. As the mass flow rate increases, the overall temperature of the compressor decreases, the
temperature gradient diminishes, and the temperature distribution becomes more uniform.

To provide a more detailed explanation of the temperature changes in the compressor, we have
established eight monitoring points on the key components to track variations in various parameters. The
locations of each monitoring point are illustrated in Fig. 11.
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Figure 8: Distribution curve of mach number along the flow direction in the compressor

Figure 9: Comparison of mach numbers under variable operating conditions

Figure 10: Internal temperature distribution of the compressor under varying operating conditions

Under various operating conditions, the temperature and entropy variation curves of the compressor
are illustrated in Fig. 12. The figure indicates that as the mass flow rate increases, the internal temperature
of the compressor consistently decreases, while the entropy increases. At the 0.74 kg/s operating condition,
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the change in internal entropy of the compressor is relatively significant, suggesting considerable energy
loss during the compression process. Consequently, the isentropic efficiency under this condition exhibits a
marked decline. In contrast, at the 2.04 and 3.74 kg/s operating conditions, the changes in temperature and
entropy increase are relatively stable, leading to a more consistent isentropic efficiency.

Figure 11: Monitoring point location

Figure 12: Variation curves of compressor temperature (a) and entropy (b) under different operating conditions

Fig. 13 illustrates the variation in fluid viscosity under different operating conditions of the compressor.
As the mass flow rate increases, the fluid viscosity is relatively high at the 0.74 kg/s operating condition.
Higher viscosity leads to greater flow resistance, which increases friction losses within the channel and
subsequently reduces the isentropic efficiency of the compressor. Conversely, at the 3.74 kg/s operating
condition, the fluid viscosity is relatively low, which decreases friction losses within the channel and helps
maintain stable isentropic efficiency. However, low fluid viscosity may result in reduced boundary layer
energy, potentially affecting the stability of the compressor under high load conditions.

Fig. 14 illustrates the variations in internal density and enthalpy of the fluid within the compressor. At
the operating condition of 0.74 kg/s, the change in fluid density is more pronounced, which can easily lead
to flow losses, resulting in flow instability and negatively impacting isentropic efficiency. Conversely, at the
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3.74 kg/s operating condition, the enthalpy of the fluid at the outlet decreases, and the increase in enthalpy
during the compression process is inadequate. This insufficiency results in a limited rise in outlet temperature
and a reduction in the total pressure ratio.

Figure 13: Variation of fluid viscosity curve under different operating conditions of the compressor

Figure 14: Variation curves of fluid density (a) and enthalpy (b) inside the compressor under different operating
conditions

3.4 Pressure Pulsation Analysis
Analyze the pressure fluctuations at the impeller blades of the supercritical carbon dioxide (sCO2)

centrifugal compressor, with a primary focus on the pressure variations caused by uneven flow or other
factors during the fluid’s movement within the compressor.

At mass flow rates of 0.74, 2.04, and 3.74 kg/s, the pressure pulsations of the main blades and the splitter
blades are illustrated in Figs. 15–17. It can be observed that the pressure pulsation trends for both the main
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blades and the splitter blades are similar; however, the frequency of pressure fluctuations at the splitter blades
is approximately 3% to 6% higher than that of the main blades.

Under the 0.74 kg/s operating condition, the pressure pulsation frequency at the compressor blades has
increased to a certain extent compared to the 2.04 kg/s operating condition, while the pulsation amplitude
has decreased. Appropriate high-frequency, small-amplitude pressure pulsations can enhance the uniformity
of fluid flow within the compressor, reduce localized low-energy regions, and contribute to the stability of
the overall pressure ratio. However, under this operating condition, the average pressure pulsation at the
compressor blades is at its highest, with the maximum pressure increasing by 6%. In supercritical carbon
dioxide centrifugal compressors, the density of the working fluid changes dramatically, and excessive pressure
at the blades may lead to the formation of shock waves. The entropy increase caused by these shock waves
can significantly reduce isentropic efficiency. Furthermore, high-pressure areas may create local instabilities,
resulting in irreversible losses.

Figure 15: The pressure pulsation at the compressor blades with a mass flow rate of 0.74 kg/s

Figure 16: The pressure pulsation at the compressor blades with a mass flow rate of 2.04 kg/s

Under the operating condition of 3.74 kg/s, the average pressure pulsation frequency at the compressor
blades is at its highest, while the amplitude is at its lowest. Excessively high-frequency pressure pulsations
can induce resonance, resulting in local flow instability, which exacerbates energy loss and reduces the total
pressure ratio. Additionally, under this operating condition, the average pressure pulsation is minimized,
and the maximum pressure is decreased by 12%. Since the primary function of the blades is to accelerate the
fluid and alter its direction, effectively converting kinetic energy into pressure energy, a low surface pressure
on the blades indicates a poor pressure increase during the compression process, leading to a decrease in the
total pressure ratio. A slight increase in pressure enhances fluid mixing, reduces low-energy regions, and is
advantageous for stabilizing isentropic efficiency.
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Figure 17: The pressure pulsation at the compressor blades with a mass flow rate of 3.74 kg/s

3.5 Velocity Field Analysis
Fig. 18 illustrates the velocity distribution of the compressor impeller under various operating con-

ditions. As the mass flow rate increases, the overall flow velocity also rises, leading to a steeper velocity
distribution gradient. A larger velocity gradient can cause the boundary layer to thicken or even separate,
resulting in the formation of a separation zone, which significantly increases flow loss.

Figure 18: Speed distribution of the compressor impeller under varying operating conditions

Fig. 19 illustrates the variation in speed at key monitoring points of the compressor under different
mass flow rates. At the 3.74 kg/s operating condition, the velocity gradient increases significantly, with
the maximum velocity rising by 23% compared to the 2.04 kg/s operating condition. Conversely, at the
0.74 kg/s operating condition, the velocity gradient is lower, resulting in a 19% decrease in maximum velocity
compared to the 2.04 kg/s operating condition.

The vector streamlines of the velocity at the blade and impeller outlet under various operating conditions
are illustrated in Fig. 20. With consistent density parameters, an increase in mass flow rate results in a gradual
rise in the density of velocity streamlines at the compressor blades and impeller outlet, with notably higher
speeds observed near the trailing edge of the blades. At a mass flow rate of 0.74 kg/s (a), there is a significant
presence of low-speed flow, and multiple vortices form at the top of the blades (near the wall). The blade
tip gap allows high-pressure side fluid to leak to the low-pressure side, creating vortices that mix with the
mainstream flow, which can lead to additional energy loss and a reduction in isentropic efficiency. In contrast,
under the operating condition of 3.74 kg/s (c), the overall flow becomes smoother, particularly within the
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impeller passage and at the outlet, where the flow distribution appears more uniform. However, the increase
in mass flow rate also heightens the velocity distribution gradient at the impeller outlet, which affects the
effective flow area of the passage. The uneven velocity gradient at the impeller outlet or diffuser inlet can lead
to local blockage, adversely impacting compressor performance. Furthermore, when the fluid exits at high
speed, it may increase losses in the exit wake region, resulting in a decrease in the total pressure ratio.

Figure 19: Variation curves of compressor internal speed under different operating conditions

Figure 20: Velocity vector streamlines at the blade and impeller outlets under various operating conditions

4 Conclusion
This study employs three-dimensional numerical simulations to investigate the flow field properties and

aerodynamic performance of a supercritical carbon dioxide (sCO2) centrifugal compressor under various
operating conditions. With a design mass flow rate of 2.04 kg/s, the analysis focuses on the internal Mach
number distribution, temperature field characteristics, blade pressure pulsation spectrum, and velocity
flow field of the compressor across different operating scenarios. These analyses elucidate the operational
boundaries of the compressor and the mechanisms underlying performance degradation. The design of the
sCO2 centrifugal compressor can be theoretically supported by examining the mechanisms of performance
degradation under non-design conditions. The following are the primary research findings:
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(1) The sCO2 centrifugal compressor operates under two extreme conditions. With a design flow rate of
2.04 kg/s, the stable operating range of the compressor is between 0.74 and 3.74 kg/s. At the 0.74 kg/s
condition, the isentropic efficiency of the compressor significantly decreases compared to the design
condition, with a reduction of 13%. In contrast, the efficiency reduction at the 3.74 kg/s condition
is only 2.9%. Under the 0.74 kg/s condition, the total pressure remains relatively stable, while at the
3.74 kg/s condition, the total pressure ratio decreases from 1.47 to 1.34.

(2) At a mass flow rate of 0.74 kg/s, the maximum Mach number within the compressor decreases by 28%.
The temperature gradient distribution inside the compressor is substantial, leading to a significant
increase in entropy. Additionally, the fluid viscosity is elevated, and the variations in density are quite
pronounced. The pulsation amplitude at the blades increases, resulting in a maximum pressure rise
of 6%. The flow density at the outlet of the blades and impeller is relatively low, characterized by a
predominance of low-speed flow, and multiple vortices form at the top of the blades, causing a 19%
reduction in maximum speed. Consequently, the efficiency of the compressor under these operating
conditions has significantly declined.

(3) At a mass flow rate of 3.74 kg/s, the Mach number distribution near the impeller becomes increasingly
uneven, with the maximum Mach number rising by 23.7%. The temperature gradient distribution
within the compressor decreases, while entropy stabilizes and increases. Fluid viscosity is lower,
density variations are minimal, and the increase in enthalpy is insufficient. The pressure pulsation
frequency of the blades is relatively high, although the pulsation amplitude and average pressure
remain low, resulting in a maximum pressure reduction of 12%. The velocity gradient distribution
within the compressor increases, characterized by a higher density of velocity streamlines at the blade
and impeller exit, relatively regular streamlines, and a greater volume of high-speed flow, with the
maximum speed increasing by 23%. Consequently, the total pressure ratio under these operating
conditions has significantly decreased.

For future research directions, subsequent studies should investigate the factors contributing to the
performance decline of compressors under extreme conditions. This can be achieved by analyzing the viscous
dissipation power within the compressor, the vortex structure of the blades, and the behavior of secondary
flows. Furthermore, optimizing the design of compressor impellers and flow passages for various operating
conditions presents another promising avenue for research.
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