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Abstract: The influence of inlet condition upon the performance and stability for a 10 MW supercriti-
cal carbon dioxide centrifugal compressor is investigated using the computational fluid dynamics
method. The inlet conditions which are considered are as follows, a constant inlet pressure of 8.0 MPa
with varying inlet temperatures of 308.15 K, 308 K, 306 K, and 304 K, and a fixed inlet temperature of
308.15 K with different inlet pressures of 7.5 MPa, 8.0 MPa and 8.5 MPa. The numerical method with
the k-omega based shear-stress-transport turbulence model is validated compared to the published
experimental data. The numerical result shows that a small variation of temperature or pressure
significantly has huge impact on the compressor performance operating near the critical point of
supercritical carbon dioxide. As the compressor inlet pressure increases, the compression factor of
the working fluid becomes lower, resulting in an enlargement of the pressure ratio. However, the
decrease in inlet temperature leads to a higher compression factor of the working fluid and a reduced
pressure ratio. The variation of the isentropic efficiency curve is mainly attributed to the change in the
compressor inlet volumetric flow rate. The locations of the stall point and choke point are dependent
on the values of inlet pressure and temperature.

Keywords: supercritical carbon dioxide; Brayton cycle; thermo-physical property; inlet condition;

centrifugal compressor; numerical simulation

1. Introduction

The supercritical carbon dioxide (5-CO,) Brayton power cycle, first proposed and
studied in [1,2], has been recognized as one of the most promising power generation
technologies. Nowadays, it has raised more and more attention and is widely applied
in ship waste recovery, solar thermal power generation, industrial waste heat power
generation, and other energy conversion fields. As reported in [3], when the working
condition at the compressor inlet is around the critical point of S-CO,, a higher thermal
efficiency of the S-CO, Brayton cycle can be obtained due to less work consumption of
the compressor. However, the physical properties of CO, show a strong nonlinearity,
especially where near the critical point. A subtle change in temperature or pressure leads
to drastic variations in density, specific heat at a constant pressure around the critical point.
Hence, the variation in inlet conditions for the S-CO, centrifugal compressor will affect its
aerodynamic performance and stability operation margin.

A great deal of research has been performed to develop a large-scale, high efficacy
5-CO, centrifugal compressor in recent years. The related experimental works are summa-
rized as follows. Wright et al. [4] conducted the pioneering experimental trial of the 100-kW
compressor in Sandia National Laboratory. Their test indicated that the S-CO, centrifugal
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compressor could operate stably at an inlet condition in a supercritical or two-phase state
near the critical point. Ahn et al. [5] performed the experimental tests for the 109-kW
low-pressure and 69 kW high-pressure compressors for the simple recuperated Brayton
cycle in Korea Atomic Energy Research Institute. Their preliminary test results showed
that when CO, entered the compressor, due to the shift from subcritical state to super-
critical state, a higher rotating speed occurred, resulting in an obvious disturbance to the
compressor stability. The simple 100-kW Brayton cycle experimental test was developed
in U.S. Navy Nuclear Laboratory. The influences of inlet pressure and temperature on
the S-CO, centrifugal compressor were investigated in [2,6]. They revealed that when the
state of CO; at the compressor inlet was in the liquid-like phase region, a higher pressure
ratio was achieved, and the isentropic efficiency and enthalpy increase were both higher
than the values from the theoretical calculations. Recently, Zhu et al. [7] carried out the
experimental test of a IMW compressor in the Institute of Engineering Thermophysics,
Chinese Academy of Sciences. They observed that the compressor isentropic efficiency was
improved significantly when CO, at the compressor inlet changed from saturated state to
critical or supercritical state. Alongside the experimental studies, theoretical prediction
works were also performed. Chen et al. [8] studied the impact of inlet boundary condi-
tions based on the one-dimensional design model. They found that as the inlet pressure
decreased or the inlet pressure increased, a higher pressure ratio could be obtained, and
the S-CO, compressor might be prone to stall.

The Computational Fluid Dynamics (CFD) method has been widely applied for the
performance prediction, rotating stall margin calculation, and the internal flow field for air
or gas compressors [9-11]. Unlike air or gas, the thermophysical properties of CO, deviate
violently from ideal working fluid, especially where near the critical point, which results in
the questionable convergence in CFD simulations for S-CO, compressors [12-16]. Therefore,
the real thermophysical properties of CO, should be obtained accurately and provided
in CFD simulations. Rinaldi et al. [17] believed that the look-up table generation of the
thermophysical properties by calling the software NIST Refprop could save computational
time and guarantee the prediction accuracy, compared with direct solution of the real state
equations. Jiang et al. [18] further discussed the impact of the look up table resolution in the
CFD simulation for S-CO, centrifugal compressors. They found that the thermophysical
property tables with different resolutions had great impacts on the compressor performance,
and the low-resolution table could not accurately describe the density variation with the
change of temperature or pressure around the critical point. Hence, the proper resolution of
the thermophysical property table is an important precondition for the accurate prediction
for the S-CO, compressor.

To the best of our knowledge, there is limited research on the influence of inlet
conditions on the performance and stability of the S-CO; centrifugal compressor using the
CFD method. Herein, a 10 MW S-CO; centrifugal compressor is focused and investigated
numerically using the software NUMECA in this paper. The performance curves at different
compressor temperatures and pressures at a constant rotating speed are obtained and
discussed. We hope our research can provide theoretical basis and a different perspective
to improve the performance of S-CO, centrifugal compressors.

2. Thermophysical Property of S-CO; near the Critical Point

The phase diagram of fluid CO; is illustrated in Figure 1, including the solid, liquid,
gas, and supercritical phases. The temperature and the pressure of the critical point are
304.13 K and 7.38 MPa, respectively. When the state point locates beneath the critical
pressure line and the vapor line, the fluid is in the gas phase. The line ® represents the
solid-liquid two-phase equilibrium line, also known as the melting line If the state point
is surrounded by the melting line @, critical temperature line, and vapor line ®, the fluid
enters the liquid region. As pressures and temperatures are well above the relevant critical
values, the fluid is said to be in the supercritical region. In the current study, two sub-
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sections, i.e., the supercritical liquid-like and gas-like ones, are further divided by the
quasi-critical line.
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Figure 1. Phase diagram of CO,.

According to the efficiency analysis for a simple recuperated Bryton cycle presented
in [3], a peak cycle efficacy occurs under the compressor inlet conditions close to the critical
point with a lower temperature and a higher pressure. However, the slight variation
of compressor inlet conditions may result in the phase change. For example, when the
temperature is below 304.13 K and the pressure is above 7.38 MPa, fluid CO; changes
from supercritical state to liquid state. This would veritably lead to remarkable changes
in physical properties and greatly impact the centrifugal compressor’s performance map
and stable operation. Figure 2 displays the density variation relative to the temperature at
different isobars of 7.5, 8.0, and 8.5 MPa near the critical point. As the temperature rises, the
density drops sharply and has a nearly changeless profile at either isobar line. Moreover,
when the pressure increases, the slope of the density variation profile inversely declines.
The changes in slope indicate the strong non-linear relationship between the temperature
and pressure at the critical temperature.
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Figure 2. Density variation of CO, at different isobars.
3. Geometric Model and Numerical Setup
3.1. Geometric Model of the 10 MW Centrifugal Compressor

This paper focuses on a 10 MW S-CO; centrifugal compressor in a simple recuperated
Bryton cycle. The design specifications are listed in Table 1. At the nominal design point,
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the rotating speed is 16500 r/min, the mass flow rate is 75.0 kg /s, and the pressure ratio
is 2.0. The compressor inlet has a total temperature of 308.15 K and a total pressure of
8.0 MPa, located in the supercritical gas-like region.

Table 1. Design specifications.

Parameter Specification Parameter Specification
Working fluid CO, Inlet total temperature (K) 308.15
Rotating speed (r/min) 16,500 Inlet total pressure (MPa) 8.0
Mass flow rate (kg/s) 75.0 Pressure ratio 2.0

An inexpensive vaneless diffuser scheme is developed to provide considerable pres-
sure recovery in our research. The bleeding blades are further employed to avoid the
possible flow separation inside the flow passages. For the impeller, constant blade thick-
ness and tip clearance are assumed as 1.0 and 0.4 mm, respectively. The main geometric
parameters of the centrifugal compressor impeller are summarized in Table 2. The three-
dimensional geometric model can be seen in Figure 3.

Table 2. Main geometric parameters.

Parameter Value Parameter Value
Inlet hub radius (mm) 2.5 Tip clearance (mm) 04
Inlet shroud radius (mm) 43.76 Inlet blade ang]le at tip (°) 32
Outlet shroud radius (mm) 96.53 Outlet blade angle at tip (°) 46
Blade height at outlet (mm) 9.81 Main blade number 8
Blade thickness (mm) 1.0 Bleeding blade number 8

Figure 3. Three-dimensional geometric model.

3.2. Resolution Verification of Thermophysical Properties

As outlined above, the assumption of an ideal gas in numerical works has resulted in
a large error relative to the related experimental data. Hence, CO, should be treated as the
real fluid with accurate thermophysical properties. In the current study, the thermophysical
property table methodology is employed. Several numerical works [19-21] pointed out
that the resolution of thermophysical properties significantly impacts the CFD simulation
efficiency, accuracy, and even convergence stability. Hence, the resolution of thermophysical
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property table generation should be verified first. Four sets of thermophysical properties
are generated with different pressure and temperature ranges and resolutions by calling
a software NIST Refporp [22], listed in Table 3. The corresponding pressure ratio and
isentropic efficiency at the nominal design point for the studied centrifugal compressor
are also tabulated in Table 3. Set 1 gives a higher pressure ratio and the lowest isentropic
efficiency than the other three sets. Set 4 exhibits the finest resolution and the smallest
pressure and temperature ranges. There are only slight deviations of pressure ratio and
isentropic efficiency between set 3 and set 4. Hence, the thermophysical properties of set
3 are employed in the following simulations to ensure acceptable calculation accuracy
and cost.

Table 3. Thermophysical property table resolution verification.

Set Ralzgess(;ﬁ’a) T;ngza(t;(l; ¢ Resolution Pressure Ratio E flffcez:g)?l(g %)
1 0.005-800 216.59-2000 101 x 101 1.976 77.24
2 1-40 220-1000 101 x 101 1..979 86.78
3 1-40 220-1000 301 x 301 1.955 87.95
4 1-20 220-500 301 x 301 1.956 88.01

3.3. Numerical Method and Validation

The flow field and performance of the centrifugal compressor are obtained by per-
forming three-dimensional, steady-state CFD simulations. The software NUMECA [22] is
employed to solve the Reynolds-averaged Navier-Stokes equations by the finite volume
method. The k-omega shear-stress-transport two-equation turbulence model with wall
functions is selected for the turbulence closure. For this turbulence model, we need to give
the inlet turbulence flow energy k and the turbulence dissipation rate . We generally use
the formulas.

3 2

k = 2 (Tuuref> @
_ ~ U Prefoo

€= thl y )

for estimation. The inlet turbulence flow energy k and turbulence dissipation rate ¢ are calcu-
lated to be 7.26 m?/s? and 558,370,000 m2/s2, respectively, according to the above formulas.

The second-order central difference scheme is used for the spatial discretization of
the artificial viscosity term. Time discretization is solved iteratively by the fourth-order
Runge-Kutta method. The three-layer multi-grid combined with the local time step and
residual smoothing method is employed to accelerate the calculation process. Numerical
convergence is achieved when the residual error is below 10~ or the mass flow difference
between the passage inlet and outlet is less than 1%.

In our study, one-eighth of the physical model is selected as the computation domain
to save the computational cost. Periodic boundary conditions are set on both sides of the
single passage. The total pressure and temperature conditions are provided at the inlet of
the computational domain. A mass flow rate is given at the compressor outlet. All wall
surfaces are set to adiabatic and non-slip boundary conditions.

An H-I topology is used for the impeller and vaneless diffuser flow passages to
generate the structured computational grids. The grids are refined to sufficiently describe
the boundary layer around the blade, hub, shroud, and tip surfaces. The details of the
computational grids near the leading edge and the trailing edge of the impeller blade are
shown in Figure 4. The distance of the first node from the wall surface is 1 x 107 m to
meet the y* (20~50) requirement of the selected turbulence model, controlled at about 30.
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Figure 4. Mesh details around the leading edge and trailing edge.

The computational grid independence test is conducted in advance to get trusted
results from the CFD simulations. Table 4 demonstrates the pressure ratios and efficiencies
for the compressor at the nominal design point which are predicted with four levels of
computational girds. By varying the numbers of mesh layers and radial mesh layers of the
boundary layer, the grid number varies from 0.81 to 1.93 million. The increase of the grid
number leads to a decrease in the pressure ratio, and a first rise and then drop in isentropic
efficiency. Hence, the grid level of 1.62 million is adopted for all the simulation works. The
number of boundary layer mesh layers is 32.

Table 4. Grid independence test.

Grid Number (Million) Pressure Ratio Isentropic Efficiency (%)
0.81 1.789 83.12
1.35 1.963 87.16
1.62 2.032 89.33
1.93 2.035 89.38

Due to the absence of the available experimental data for 10 MW centrifugal com-
pressors, the published data of the compressor in Sandia Laboratory [4] is selected for
turbulence model validation. The nominal rotating speed of this compressor is 75,000 r/min
but is limited to 55,000 r/ min because of the assembly error and restricted experimental con-
ditions. The three-dimensional geometric model is reconstructed based on the published
main geometry parameters in [4]. The boundary conditions in the simulation are consistent
with those in the experimental test. Figure 5 shows the comparison of the pressure ratio
profile relative to the mass flow rate between the numerical result and experimental data
at a rotating speed of 55,000 r/min. It is observed that the numerical prediction exhibits
a consistent changing tendency with the experimental data with an overestimation of
3.25-7.99%. The higher deviations occur when the mass flow rate is less than 1.83 kg/s. The
difference is mainly attributed to the simplified geometric model in the CFD simulation
by omitting the accessory. Regardless, the predicted pressure ratio at the nominal design
point is 1.82, overvalued by 1.28% compared with that in the preliminary design. Generally,
the turbulence model is qualified for the accurate prediction for the S-CO, centrifugal
compressor performance. Hence, the reminders of CFD simulations are performed with
the k-omega shear-stress-transport turbulence model.
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Figure 5. Numerical simulations validation.

4. Result and Discussion
4.1. Performance Prediction at the Nominal Inlet Condition

The performance curve for the 10 MW S-CO, centrifugal compressor at the nominal
inlet condition is depicted in Figure 6 in terms of pressure ratio and isentropic efficiency
variations relative to the mass flow rate. As the mass flow rate varies from 43.94 to
89.92 kg/s, the relevant pressure ratio declines from 2.05 to 1.8, and the isentropic efficiency
curve first rises and then drops with values larger than 82%, indicating a wide range of
stable operation for the studied compressor. The compressor provides a pressure ratio of
1.955 at the nominal mass flow rate of 75 kg/s, slightly lower than the nominal pressure
ratio of 2.0 in Table 1. The largest isentropic efficiency of 88.45% occurs at the nominal flow
rate, implying the good performance at the nominal design condition for the studied S-CO,
centrifugal compressor design.

Pressure ratio
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Figure 6. Performance curve at nominal inlet condition. (a) Pressure ratio; (b) isotropic efficiency.

4.2. The Influence of Inlet Temperature

The impact of the inlet total temperature on the compressor performance is studied
by performing four CFD simulations with the constant inlet total pressure. The total inlet
temperatures are 304 K, 306 K, 308 K, and 308.15 K. The corresponding compressibility
factors and total densities are listed in Table 5. The compressibility factor represents the
departure of the real gas from the ideal gas, expressed as the ratio of the real gas volume
to the ideal gas volume. As the compressor inlet temperature increases from 304.00 K to
308.15 K, the compressibility factor of CO, ascends monotonously with an increased slope.
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Table 5. Total density and compressibility factor at various inlet total temperatures.

Inlet Total Inlet Total Pressure Compressibility Inlet Total Density
Temperature (K) (MPa) Factor (kg/m3)
304.00 8.0 0.204 683.31
306.00 8.0 0.223 620.55
308.00 8.0 0.315 436.24
308.15 8.0 0.328 419.09

The variations of pressure ratio relative to the mass flow rate at various compressor
inlet temperatures are shown in Figure 7. It is observed that the pressure ratio manifests
a falling trend with the increase of mass flow rate at either total inlet temperature, which is
similar to that for the traditional gas or air compressor. Moreover, when the compressor
operates stably, the pressure ratio goes up with rising inlet total temperature at the same
mass flow rate. This phenomenon can be attributed to the different compressibility factor
of CO; at the compressor inlet. If the compressibility factor is low, the fluid can be easily
compressed, leading to higher pressure. Therefore, when CO; is near the critical point and
other boundary conditions are fixed, the lower the total inlet temperature becomes, the
higher the pressure ratio for S-CO, centrifugal compressors becomes.
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Figure 7. Pressure ratio versus mass flow rate at various inlet temperatures.

It is well known that when an air compressor is running at a low mass flow, rotational
stall or surge may occur, and choking happens when running at large mass flow rates. As
can be seen from Figure 7, as the temperature rises, the compressor has a wider working
range, especially the compressor is working stably at high flow rates. Therefore, changes in
inlet temperature can affect the stable operating area of the S-CO, compressor.

The variation trends of isentropic efficiency relative to the mass flow rate at different
inlet total temperatures are represented in Figure 8a. As the inlet temperature decreases,
the available range of mass flow rate enlarges, which is mainly attributed to the augmented
density. Hence, to eliminate the impact of working fluid density at the compressor inlet, the
performance curve of isentropic efficiency versus volumetric flow rate is further provided in
Figure 8b. Apparently, the ranges of the volumetric flow rate at different inlet temperatures
are remarkably narrower than those of mass flow rate. The changing trends of isentropic
efficiency versus the volumetric flow rate are almost the same at different inlet temperatures.
It should be pointed out that the highest values of isentropic efficiency are achieved at the
volumetric flow rate of about 0.18 m?/s regardless of the compressor inlet temperature
changes near the critical point, suggesting that the isentropic efficiency is mainly affected
by the inlet volumetric flow rate. The performance curve of isentropic efficiency at either
inlet temperature has a slightly rising but sharp falling trend. At the nominal volumetric
flow rate, the relative flow angle almost equals the blade angle at the impeller inlet, and
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no incidence loss occurs, resulting in the highest isentropic efficiency. However, if the
volumetric flow rate deviates from the nominal one, the relative flow angle is higher or
lower than the blade angle, leading to an additional incidence loss and reduced isentropic
efficiency. A negative incidence angle at a high volumetric flow rate leads to stronger flow
separation at the blade pressure side, resulting in a larger incidence loss than a positive
indigence angle at a low volumetric flow rate [11]. Hence, the isentropic efficiency decreases
slowly with the increased volumetric flow rate bias at the volumetric flow rate less than the
nominal one but drops severely at the volumetric flow rate higher than the nominal one.
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Figure 8. Performance curves at various inlet temperatures. (a) Isentropic efficiency versus mass flow
rate; (b) isentropic efficiency versus volumetric flow rate.

Figure 8b shows that the compressor provides higher isentropic efficiency at a lower
inlet temperature under the same volumetric flow rate. Similar phenomena were found in
the experimental measurement performed by Fleming et al. [23]. The main reason is that
when the inlet CO; is in a liquid-like supercritical state, the compressor readily obtains
higher performance under the same operating conditions. Regardless, the inlet temperature
influences significantly on the surge and choking boundaries. The minimum and maximum
volumetric flow rates appear at the surge and choking points when exhibiting divergent
steady-state CFD simulations. As the temperature decreases, the closer the inlet temper-
ature is to the critical temperature, the larger the surge margin becomes, but a smaller
blockage margin gets. When the inlet temperatures are 304 K, 306 K, 308 K, and 308.15 K,
the corresponding volumetric flow rates are 0.0628 m3/s, 0.0709 m3/s, 0.103 m3/s, and
0.1048 m?/s at surge point, and 0.2189 m3/s, 0.2107 m>/s, 0.2053 m?/s, and 0.1988 m3/ s
at the beginning of choking, respectively.

4.3. The Influence of Inlet Pressure

The inlet pressure of the S-CO; centrifugal compressor is prone to be also affected
by various factors in the closed Brayton cycle. The change of inlet pressure inevitably
affects the performance and stability of the S-CO, centrifugal compressor. In our study,
the CFD simulation results are analyzed to investigate the influence of inlet pressure at
three inlet pressures of 7.5 MPa, 8§ MPa, and 8.5 MPa with a fixed inlet temperature of
308.15 K. The specific compressibility factors and total densities at different inlet conditions
are given in Table 6. It is seen that the variation of inlet pressure nearby the critical pressure
results in a greater impact on the thermophysical properties. As the inlet pressure rises, the
compressibility factor varies with a negative and reduced gradient, but the total density
with a positive and increased gradient.
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Table 6. Compressibility factors and total densities at various inlet pressures.
Inlet Total Inlet Total Pressure Compressibility Inlet Total Density
Temperature (K) (MPa) Factor (kg/m®)
308.15 7.5 0.472 272.97
308.15 8 0.328 419.09
308.15 8.5 0.239 612.12

Figure 9 shows the variation of pressure ratio relative to the mass flow rate at different
inlet pressures. It can be seen that the pressure ratio increases monotonously with the
increasing inlet pressure. As shown in Table 6, the compressibility factor of CO; also falls
along with the enlarging inlet pressure at a fixed inlet temperature of 308.15 K, resulting
in the increscent pressure ratio. Furthermore, the non-linear variation of compressibility
factor of CO, at inlet pressure between 7.5 MPa and 8.5 MPa leads to the non-linear
increment of pressure ratio. Considering that the pressure ratio also depends on the value
of compressibility factor at the varying inlet temperature between 304 K and 308.15 K, it is
concluded that the change of pressure ratio at different inlet temperatures or pressure is
attributed to the variation of compressibility factor of CO, at the compressor inlet.
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Figure 9. Pressure ratio versus mass flow rate at various inlet pressures.

As can be seen from Figure 9, with the increase in pressure, the stable working
range of the compressor is constantly moving to the right, that is, when the mass flow is
decreasing, the temperature increase is more likely to induce rotating stall or surge, and
when the mass flow is continuously increased, the temperature decrease is more likely to
triggerchoking. Therefore, changes in inlet pressure will affect the stable operating range of
the S-CO, compressor.

Figure 10 represents the changing trends of isentropic efficiency versus mass flow
rate and volumetric flow rate at various inlet pressures. As the inlet pressure varies from
7.5 MPa to 8.5 MPa, the performance curves intersect because of the wide variation of
mass flow rate, seen in Figure 10a. The volumetric flow rate is applied to replace the mass
flow rate to eliminate the influence of drastic variation of inlet density near the critical
pressure. As shown in Figure 10b, the performance curves of isentropic efficiency relative
to the volumetric flow rate almost displays the same trend at various inlet pressures. The
explanation of this coincidence is consistent with that for the influence of inlet temperature.
It can also be observed in Figure 10b that the isentropic efficiency curve shifts upward with
the increase in inlet pressure. When CO; at the compressor inlet approaches the liquid
phase, the S-CO, compressor has higher isentropic efficiency under the same volumetric
flow rate. The inlet pressure variation also influences the surge margin and the chocking
margin with a fixed inlet temperature of 308.15 K. When the inlet pressure equals 7.5 MPa,
8 MPa, and 8.5 MPa, the corresponding inlet volumetric flow rates at the surge point are
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0.128 m3/s, 0.1048 m3 /s, and 0.0897 m3/s, respectively. The maximum available volumetric
flow rates are 0.2562 m®/s, 0.2189 m?/s, and 0.2089 m3/s at the beginning of chocking.
Hence, the surge margin widens with the increasing inlet pressure while the choking
margin narrows.
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Figure 10. Performance curves at various inlet pressures. (a) Isentropic efficiency versus mass flow
rate; (b) isentropic efficiency versus volumetric flow rate.

5. Conclusions

Our study investigates the performance variation of the 10 MW S-CO, centrifugal
compressor at different inlet conditions based on the analysis of the CFD simulation results
and theoretical explanation. A total of six inlet conditions are considered, including the
nominal design condition, three different inlet temperatures of 304 K, 306 K, and 308 K,
and two additional inlet pressures of 7.5 MPa and 8.5 MPa. It is found that the variation
of inlet temperature or inlet pressure significantly influences the compressor performance
and operating stability margin.

(1) The higher pressure ratio of the S-CO; centrifugal compressor can be obtained at
a lower inlet temperature or a higher inlet pressure, mainly attributed to the smaller
compressibility factor of CO, at the compressor inlet;

(2) When the inlet state of CO, approaches the liquid-like phase, i.e., the inlet temperature
decreases, or the inlet pressure decreases, the S-CO; centrifugal compressor has
a higher isentropic efficiency under the same volumetric flow rate;

(38) Compared with the gas-like state, the wider surge margin but a narrower chocking
margin occur for the S-CO, centrifugal compressor at the inlet liquid-like state.
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