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Abstract: The centrifugal compressor is the core component of supercritical CO, power cycle, and
its performance and operation stability are research hotspots. However, there are few experimental
studies, especially for compressors used in Mwe-scale power cycles. In this paper, based on a 1 MWe
supercritical CO, power cycle, a single-stage centrifugal supercritical CO, compressor is designed
with speed of 40,000 RPM, a pressure ratio of 2.5 and a mass flow of 16.3 kg/s. In order to carry out
the compressor test, a general experimental platform for MWe sCO, compressors is built. In the test,
the mass flow range is 13.5~18 kg/s and the maximum experimental pressure ratio is close to 2.0.
The performance curve of the compressor of 31,000 & 1000 RPM is obtained, and the historical curve
of the experiment is given. Then, the experimental curve is compared with the design curve using
a dimensionless method. The isentropic head coefficient of the experimental curve is lower than
the design value, and the experimental curves shift towards the boundary of small flow coefficient.
Finally, the influence of compressor inlet condensation on compressor performance and the change of
operating boundary is preliminarily explained.

Keywords: supercritical CO;; centrifugal compressor; experiment; MWe scale

1. Introduction

The sCO;(supercritical carbon dioxide) Brayton power cycle has the characteristics
of small size, compact structure and strong environmental adaptability. Compared with
the commonly used Rankine cycle, it has the advantage of high efficiency in the medium
and high temperature zone [1]. Compressors are the “heart” of various power cycles. sCO,
compressors are also the key to improving cycle efficiency and operational stability in sCO,
Brayton cycle generation systems. A sCO, Brayton power cycle less than 100 Mwe can
choose a single-stage or a multi-stage centrifugal compressor as the main compressor [2]. It
can be expected that for a long time to come, centrifugal compressors will be the main form
of sCO, compressors.

The sCO; centrifugal compressors in 100 kWe scale have accumulated lots of exper-
imental test results. The experimental cycle of Sandia laboratory in the United States
includes the main compressor and the recompression compressor; the main compressor in-
let condition is near the critical point, and the recompression compressor inlet temperature
is much higher than the critical point. Therefore, the main compressor is mainly tested and
the maximum experimental speed is 65,000 RPM, which is 92.8% of the design speed; the
highest pressure ratio reached 1.65, reaching 90% of the design pressure ratio. The efficiency
is 60~70% [3,4]. The TIT (Tokyo Institute of Technology) centrifugal compressor uses a
closed impeller, but the maximum experimental speed only reaches 70% of the design
speed, and the efficiency of the compressor is only 48% [5]. The experimental speed of
SCIEL (the Supercritical CO, Integral Experimental Loop) shunt back-to-back compressor
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is only 50% of the design speed, and the compressor efficiency (including external losses) is
25% [6-8].

The above-mentioned sCO; centrifugal compressors show that the influence of rotor
windage loss cannot be ignored, and should be treated carefully to improve the efficiency
of the compressor.

In this study, a single-stage centrifugal compressor with labyrinth seal and oil lubri-
cation is designed, and a low-speed motor is connected through a high-speed gearbox as
the power to effectively avoid high wind resistance losses caused by high-pressure density
fluid in the high-speed shaft. Based on the above design, the single-stage compressor is
expected to have better performance than the existing sCO, compressor.

2. The Design of Single-Stage Centrifugal Compressor
2.1. The 1 MWe sCO;, Power Cycle

The compressor is designed based on a MWe scale sCO, Brayton power cycle, as is
shown in Figure 1. In order to minimize the construction difficulty, instead of pursuing
high efficiency, the cycle is configured as a simple reheat cycle rather than a recompression
cycle which may have higher efficiency [9,10]. The compressor is driven by an independent
inverter motor, the turbine output power is absorbed by a hydraulic dynamometer, and a
gas-fired boiler is deployed as the heater.

Heater Turbine

B :
-

ecuperator

B .

Cooler Compressor

Figure 1. The simple reheat cycle.

Cycle parameters are shown in Table 1. The heat source power is over 5 MWth, the
turbine inlet temperature is 550 °C and the turbine inlet pressure is 20 MPa. The compressor
inlet parameters depart slightly from the critical point but are near the pseudo-critical line,
and the pressure ratio is above 2.5, ensuring that the cycle has an efficiency of at least 21%
after accounting for all sorts of losses.

Table 1. The main parameters of MWe sCO, power cycle.

Parameter Value
Boiler thermal power >5 MWth
Cycle efficiency >21%
Turbine inlet pressure 20 MPa
Turbine inlet temperature 550 °C
Compressor inlet pressure 8 MPa

Compressor inlet temperature 35°C
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2.2. Throughflow Design of Compressor

The main design parameters of the single-stage centrifugal compressor for the 1 MWe
sCO, power cycle are shown in Table 2. The pseudo-critical temperature corresponding
to the total inlet pressure of 8 MPa is 34.6 °C, while the total inlet temperature of the
compressor is 35 °C, which is slightly higher than the pseudo-critical temperature and
belongs to the supercritical gas-like phase. The estimated isentropic efficiency of the single-
stage compressor is not less than 80%, under which the compressor input power is about
500 kW.

Table 2. Main design parameters of the single-stage centrifugal compressor.

Inlet Inlet Mass Flow Pressure Power Isentropic
Pressure Temperature Rate Ratio Efficiency
8 MPa 35°C 16.3 kg/s 2.5 ~500 kW >80%

Under the design parameters given in Table 2, the optimal working speed correspond-
ing to the single-stage centrifugal compressor is about 49000 RPM (Ns = 0.6) [11]. However,
in the actual design process, it is necessary to comprehensively consider factors such as
bearings, compressor rotor dynamics design and assembly process. Referring to the opera-
tion experience of sandia, IST and TIT compressors, the compressor speed should not be too
high, and the tip clearance should not be too large. The working speed of the compressor is
set at 40,000 RPM and tip clearance is 0.25 mm.

The small volume flow rate and the high-pressure ratio of the single-stage compressor
lead to a small impeller blade height of 3.5 mm; the tip clearance is close to 10%. The main
structural parameters of the semi-open impeller are shown in Table 3.

Table 3. Main structural parameters of the semi-open impeller.

Parameter Value Parameter Value
Hub radius/mm 10 mm Blade angle (leading-edge) 60°/54° /48°
Impler radius/mm 48 mm Blade angle (training-edge) 55°
Blade number 15 Blade height (leading-edge) 7.5 mm
Tip clearance 0.25 mm Blade height (training-edge) 3.5 mm
Blade inclination angle 60° Thickness (leading-edge) 0.3-0.6 mm

Considering that the single-stage centrifugal compressor is mainly for experimen-
tal testing and variable inlet conditions, a vaneless diffuser is used and the radius ra-
tio of the diffuser section is set at 1.7, which is constrained by the surge boundary and
diffuser efficiency.

Figure 2 further gives the beta and thickness distribution of the semi-open impeller,
in which the blue line represents the hub and the red line represent the shroud, which is
designed using an authorized commercial software (@ Concepts NREC). It is convenient to
rebuild the impeller using the curve in Figure 2.

Figure 3 shows the numerical simulation performance curve of the single compressor.
The yellow point in the figure represents the compressor design point. As this numerical
simulation calculation only includes the impeller and vaneless diffuser, and does not
include the volute; the numerical simulation calculation results may be higher than the
experimental performance.
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Figure 2. Distribution of the semi-open impeller. (a) Beta distribution, (b) Thickness distribution.
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Figure 3. Performance curve of the single-stage compressor (@ 40,000 RPM).
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2.3. Mechanical Design of Compressor

Figure 4 shows the schematic layout of the single-stage compressor. Pump-out vane
and suitable starting setup have been used to balance the axial force and the angular contact
ball bearings have been used to withstand the residual axial force. To seal high pressure up
to 20 MPa, a stepped staggered labyrinth is used as the shaft end seal of the compressor.

Impeller Bearings

Labyrinth

Volute
seal

. i . 4

Figure 4. Schematic layout of the single-stage compressor.

The schematic figure of the rotor and impeller are shown in Figure 5. Incredibly, for a
sCO, single-stage compressor used in a MWe power cycle, the entire rotor is only as long
as two pens and the impeller is only palm-sized. In addition, the rotor of the single-stage
compressor is rigid and has a first bend-rigid critical speed in excess of 40,000 RPM.

Figure 5. Schematic figure of the rotor (left) and impeller (right).

3. Experimental System
3.1. The MWe Scale sCO, Compressor Test Loop

A general experimental platform for the MWe sCO, compressor was built by CAS (Chi-
nese Academy of Sciences). The main performance indexes of the experimental platform
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are shown in Table 4. Its power system has a capacity of 40,000 RPM and 800 kW maximum
power. Its test system allows a maximum of 25 kg/s flow, and the inlet experimental
condition in the range of 0~50 °C and 0~10 MPa covers the test environments of different
inlet states, such as the supercritical phase, critical phase, gas phase and liquid phase.

Table 4. Main performance of experimental platform for MWe sCO, compressor.

Performance Index Test Capability

Experimental speed 0~40,000 RPM
Experimental mass flow 0~25 kg/s
Experimental power 0~800 kw
Compressor inlet pressure 0~10 MPa
Compressor outlet pressure 0~22 MPa

Compressor inlet temperature 0~50 °C

Compressor outlet temperature 0~100 °C

The general experimental platform for the MWe sCO, compressor, as shown in
Figure 6, includes the compressor test unit, sCO, filling system, measurement and lu-
brication system and cooling system.

lubrication
system

‘ Cooling system |

| Compressor test unit |

Figure 6. General experimental platform for the MWe sCO, compressor.

The compressor test unit is the core of the general experimental platform, including
compressor and gearbox, rotor, pipe heater and buffer tank. The sCO; filling system pre-
pares, stores and replenishes sCO, for compressor experiments. The lubricating system
provides suitable lubrication oil for high-speed equipment (compressor and high-speed
gear box). The cooling unit provides cooling water for the equipment in the experimen-
tal platform.

Figure 7 shows the 3-D graphic model of the experimental platform. The outdoor
area of the experimental platform is the auxiliary system which mainly includes the sCO,
filling system and part of the cooling system. The indoor area is the testing section which is
mainly used for placing the compressor test system and lubricating oil system.
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Figure 7. 3-D graphic model of the general experimental platform.

As shown in Figure 8, the compressor test system is sketched, including the compressor,
sCO; tank, electric heater, buffer tank, water cooler, surge tank, inlet pressure relief valve
(EV007), outlet regulating valve (EV015), system vent valve (EV017), compressor inlet vent
valve (EV010) and compressor outlet surge prevention valve (EV014).

Electric
heater

| ] sCO2 _
- { PV009 | o PV013

Water

Legend

Electric
valve
Pneumatic
Valve

cooler

Figure 8. Circle diagram of the general experimental platform.

3.2. Measuring Instruments

The experimental platform mainly measures the compressor mass flow, temperature
and pressure. The parameters of the temperature and pressure sensors are shown in Table 5.
Particularly, mineral insulated resistance thermometer detectors (RTDs) were used, which
can withstand high pressure (0~25 MPa).
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Table 5. The parameters of temperature and pressure sensor.

Range Uncertainty Type
Inlet pressure 0-10 MPa <£0.075% FS Monocrystalline Silicon
Outlet pressure 0-25 MPa <40.075% FS Monocrystalline Silicon
Inlet temperature 0-50 °C <£0.15°C PT100
oulet temperature 0-100 °C <£0.15°C PT100

As the sCO, compressor operates near the critical point, the physical properties change
dramatically; using traditional orifice plate or vortex flowmeter to measure the compressor
inlet flow will result in significant measurement errors, while the Coriolis force mass
flowmeter is not sensitive to the changes of physical properties [12]. This test loop therefore
makes use of a Coriolis force mass flowmeter with a density measurement precision of
better than 0.002 g/ cm?, and a mass flow measurement accuracy of better than 0.2% FS, as

is shown in Table 6.

Table 6. The parameters of Coriolis force mass flowmeter.

Position Mass Flow Density Mass Flow Density
Range Range Uncertainty Uncertainty
- kg/s g/cm3 g/cm?
Upstream 2.5~25 400~1000 <£0.2 <=£0.002

The total pressure ratio and isentropic efficiency are the key parameters in the sCO,
compressor test, and their equations are given in Equations (1) and (2); however, both are
indirectly parameters whose accuracy is affected by the accuracy of relevant directly mea-
sured parameters. Lee et al. investigated the experimental uncertainty of sCO, centrifugal
compressors, and the uncertainties of the experimental total pressure ratio and isentropic

efficiency will be estimated on this basis [13].

Py
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= = — x100%
hoo — hon

4. Results
4.1. Historical Curves

)

@

The experimental parameters for the compressor’s inlet mass flow, speed, inlet tem-
perature, inlet pressure, outlet temperature and outlet pressure will be presented in detail.
To enable the creation of uniform experimental historical curves, these experimental param-
eters are dimensionless, and the suitable dimensionless parameters are defined in Table 7.
Ty is set as the critical temperature (304.13 K), P, is set as the critical pressure (7.38 MPa),
Nyf is set as the design speed (40,000 RPM), M, is set as the design mass-flow (16 kg/s).

Table 7. Dimensionless experimental performance parameters of compressor.

Dimensionless Parameters Formula
M M/My
N N/Nyef
Tor" (Tg1-273.13)/(Tyep -273.13)
Top" (T0-273.13)/(Tyep -273.13)
POI* POI/Pref
POZ* POZ/Pref
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Dimensionless parameters

-----

Figure 9 shows the experimental history of a single-stage compressor from start-up
to shut-down. In this experiment, the target speed is 31,000 RPM, which is limited by
compressor shaft vibration. The compressor begins with a low temperature, low pressure
and gas inlet condition. With increased speed, the inlet temperature, pressure and mass
flow rise; then, the inlet condition transitions from a gaseous to a supercritical state. The
experimental results demonstrate that the single-stage compressor can run steadily under
various inlet conditions. In order to obtain the experimental performance curve, the back
pressure valve of the compressor opens to the maximum at 30,000 RPM experimental
condition, and gradually decreases the opening aperture until it approaches the surge point
of the compressor at 32,000 RPM. During this process, the mass flow of the compressor
decreases gradually, and the outlet pressure of the compressor increases significantly.

— —
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Figure 9. Original experimental data and historical curves.

4.2. Performance Curves

Based on the experimental data near 31,000 RPM given in Figure 9, the pressure
ratio and isentropic efficiency performance curve of the sCO, single-stage centrifugal
compressor are plotted in Figures 10 and 11. The single-stage centrifugal compressor
achieves a maximum pressure ratio close to 2.0, and the mass flow of the compressor t is
maintained at about 13.5 kg /s, which is close to the surge boundary of the compressor. The
maximum experimental flow rate is about 18 kg/s, at which the pressure ratio is 1.75, close
to the choke boundary.
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Figure 11. Isentropic efficiency performance curve (@ 31,000 £ 1000 RPM).

Figure 11 shows the isotropic efficiency performance curve of 31,000 £ 1000 RPM. It
can be seen that the isentropic efficiency of the compressor near the surge boundary is as
low as 0.65, the isentropic efficiency near the choke boundary is 0.70, and the compressor
reaches the maximum isotropic efficiency of 0.8 at about 16-17 kg/s. It should be noted
that inlet and outlet parameters, particularly temperature, have significant influence on
the calculation accuracy of isentropic efficiency. According to Equation (2) and Lee’s
uncertainty calculation method [13], Figure 11 shows the isentropic efficiency’s uncertainty
at 31,000 £ 1000 RPM. As can be seen in Figure 11, the uncertainty of isentropic efficiency
is approximately £0.1, which may be unsuitable for quantitative analysis.

5. Analysis and Discussion
5.1. Inlet Condition

In the test shown in Figure 9, the compressor goes through the gas, gas-liquid mixture,
and supercritical state processes. The supercritical inlet state will be investigated further
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in this section for experimental data approaching 31,000 RPM. Despite the fact that there
is no recognizable phase change process at 31,000 RPM, the supercritical state fluctuates
according to its physical properties. It can be further classified as supercritical-liquid-
like (Sc-liquid-like) phase and supercritical-gas-like (Sc-gas-like) phase according to the
pseudo-critical line.

In Figure 12, the yellow dot represents the design point, the green line the pseudo-
critical line, and the pink line the critical line. The design point can be seen to be on the
pseudo-critical line. The inlet condition of this experiment, on the other hand, deviates
slightly from the design point; all fall in the supercritical-liquid-like region, meaning that if
condensation takes place, the liquid phase will have a high mass fraction and the gas phase
will occupy the space of the liquid phase. The detailed condensation phenomenon will be
analyzed in Section 5.4.

8.6 —T1T - 1 T T ' T T T T T T T " T T* 1
Sc-Liquid-Like
8.4 - 4
©)
/
8.2 Exp © i
Point
3 o
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7.4 ot 4
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“." Gas ]
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Inlet temperature (°C)
Figure 12. The compressor inlet conditions in the test (@ 31,000 £ 1000 RPM).

5.2. The Dimensionlessness of Experimental Results

Even though the CO, is in the supercritical-liquid-like region at speed around 31,000 RPM,
as is shown in Figure 12, the inlet condition is still different. Additionally, it mainly causes
the change of inlet density, thus affecting the internal flow of compressor. In order to
eliminate the influence of the inlet condition on the experimental analysis of compressor,
a dimensionless parameter reflecting the internal flow characteristics of compressor is
attempted, which includes the change of inlet density of the compressor, instead of the
mass flow highly related to the inlet density. The dimensionless parameter is the flow
coefficient commonly used in the field of turbomachinery. The pressure ratio is replaced by
the dimensionless parameter isentropic head coefficient reflecting the compressor’s work
capacity [14].

Flow coefficient:

‘117'[D22UQ

= 3)

Isentropic head coefficient:
Ahg
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Replacing the pressure ratio and mass flow with the dimensionless parameters men-
tioned above, the dimensionless performance curves are shown in Figures 13 and 14. The
obtained dimensionless performance curves are more valuable for analysis when the inlet
conditions and small speed differences are normalized compared with the original curves.

o84+

0.46 &

(s

0.44 .

0.42

0.40 -

Isentropic head coefficient

0.38 -

L L L L L L L
0.018 0.019 0.020 0.021 0.022 0.023 0.024 0.025 0.026

Flow coefficient

Figure 13. Dimensionless isentropic head coefficient performance curve (@ 31,000 = 1000 RPM).
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Figure 14. Dimensionless isentropic efficiency performance curve (@ 31,000 £+ 1000 RPM).

From Figure 13, it can be seen that the flow coefficient ranges from 0.019 to 0.025,
which belongs to the small flow coefficient condition [15,16]. The maximum isentropic
head coefficient is 0.46 close to the surge boundary, and the minimum is 0.38 close to
the choke boundary. The flow coefficient reaches its peak efficiency near ¢ = 0.022~0.023.
Given the uncertainty in Figure 11, the maximum isentropic efficiency is no less than
0.72. The determination of these three representative dimensionless experimental points
(maximum efficiency point, near surge point and near choke point) is extremely useful for
sCO, compressor performance analysis and model optimization. Furthermore, the location
of these three points can be compared with the design performance curve, which may
provide guidance and evidence for the study of operation boundary, and is preliminarily
discussed in Sections 5.3 and 5.4.
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5.3. Comparison of the Experimental and Design Performance Curves
The main differences between the experimental and design conditions are as follows:

1.  The experimental inlet condition, located in the supercritical-liquid-like region rather
than the critical line.

2. The tip clearance of the experimental impeller is 0.43-0.45 mm, which is larger than
the design value (0.25 mm) caused by the abrasion of the metallic coating at shroud,
as is shown in Table 8.

Table 8. The tip clearance of the experimental impeller.

Design Leading Edge (Exp) Training Edge (Exp)

Tip clearance 0.25 mm 0.43 mm 0.45 mm

In order to explore the influence of tip clearance and inlet condition on the performance,
Figures 15 and 16 give the comparison of the experimental and design curves of the single-
stage centrifugal compressor. Obviously, due to the larger tip clearance, the leakage loss
of inner clearance of impeller increases, and the isentropic head coefficient and isentropic
efficiency of the experimental results are significantly reduced compared with the design
value [17-19]. Specifically, the isentropic head coefficient of the experimental curve is
0.2~0.25 lower than the design curve as a whole; the isentropic efficiency is 0.15~0.2 lower
than the design efficiency in the blockage and stall boundary zone, and 0.05~0.01 lower
near the design point.

0.70 T T T T T T T T T T T T T T

l:l Q.

o

~

[V
1

e

Isentropic head coefficient

o N
[9%) N
W S
1 1

0.30 .

0.25 T T T T T T T T T T T T T T
0.018 0.020 0.022 0.024 0.026 0.028 0.030  0.032

Flow coefficient
Figure 15. Comparison of dimensionless isentropic head coefficient performance curve.

5.4. Condensation Analysis

Blade leading-edge condensation is a unique phenomenon of sCO, centrifugal com-
pressors operating near critical point, which may have an impact on a compressor’s opera-
tion boundary and the fatigue life of blades. Generally, it is necessary to avoid leading-edge
condensation as much as possible.

For the condensation of the blade leading-edge, Monge proposes the acceleration
margin to condensation (AMC) Mach number, which calculates the isentropic static point
where the saturation conditions would be met by modelling an isentropic expansion of
the flow down to the saturation pressure/temperature [20]. However, due to the sudden
change in the calculation of sound velocity in the two-phase region, the criterion of AMC
Mach number may be distorted near pseudo-critical line. In this paper, the speed of



Appl. Sci. 2023, 13, 385 14 of 19

condensation acceleration velocity (Vj;,;;) is used as shown in Equation (5), where hy;,,;; is
the enthalpy value corresponding to isentropic expansion to saturation state starting from
inlet condition.

Viimit = V hot — Niimit 5)

0.90 T T T T T T T T T T T T T T

0.85 4

0.80 4

=4

~

wn
1
)
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1

0.654 -
& Exp

0.60 Design N

0.55 -

0.50 T T T T T T T T T T

. T .
0.018 0.020 0.022 0.024 0.026 0.028 0.030 0.032

Flow coefficient

Figure 16. Comparison of dimensionless isentropic efficiency performance curve.

Figure 17 shows the condensation acceleration velocity (V/;,,;;) near the critical region.
In the supercritical-gas-like region, the condensation acceleration velocity (V) is mainly
influenced by both inlet temperature and inlet pressure; meanwhile, in the supercritical-gas-
like region, condensation acceleration velocity (V};,,;;) is mainly affected by inlet pressure,
the influence of inlet temperature becomes negligible, and the condensation acceleration
velocity (Vi) is the lowest near the critical point. Under certain inlet temperatures
near critical temperature, the increase in condensation acceleration velocity (Vj;,,;;) in the
supercritical-liquid-like region is much lower than the decrease in condensation acceleration
velocity (Vi) in supercritical-gas-like region, as is the increase in inlet pressure.

Next, condensation at the experimental inlet is analyzed using Figure 17. The inlet
pressure near the choke boundary (@ 29,000 RPM) is lower than that near surge bound-
ary (@ 31,000 RPM) and all inlet conditions are located at supercritical-liquid-like re-
gion; therefore, the condensation acceleration velocity (Vj;,;;) near the choke boundary
(@ 29,000 RPM) is lower, and only 50 m/s. In addition, near the choke boundary, the
relative speed of sCO; in the inner flow channel increases, which further aggravates the
condensation phenomenon.

Figure 18 shows the dryness distribution of test point near the choke boundary
(@ 29,000 RPM) and of the test point near the surge boundary (@ 31,000 RPM), which
is obtained using a numerical simulation method [21-23]. It can be seen that a large area
of condensation appears, extending from the leading-edge of the blade top to 50% of the
downstream section for the condition near the choke boundary (@ 29,000 RPM), because of
the suction effect of the blade tip clearance; meanwhile, the figure only shows a small area
of condensation at the blade leading-edge for the condition near the surge boundary.
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Figure 17. The condensation acceleration velocity of inlet condition (@ 31,000 &+ 1000 RPM).
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Figure 18. Dryness distribution of test point near the choke boundary and surge boundary.

Zhu at.al analyzed the condensation process of sCO,, where the inlet pressure is
set to 10 MPa. As is shown in Figure 19, the density drop rate of supercritical-liquid-
like condition is significantly higher than that of the supercritical-gas-like condition [24].
Therefore, the condensation of supercritical-liquid-like condition will lead to a sudden
increase in volume flow in the inner flow channel, and a rapid increase in relative velocity,
which may aggravate the throat blockage. The phenomenon in Section 5.3, that the surge
boundary of the experimental performance curve is much lower than that of the design
performance curve, can be explained appropriately.
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Figure 19. Curve of density with change of outlet pressure and inlet temperature.

Figure 20 shows the impeller of the single-stage compressor after tests. It can be seen
that the surface of the impeller blade is smooth and without corrosion. Up to now, the influ-
ence of inlet condensation on blade life has not been found. Much more experimentation,
especially long-time testing, is needed to further validate this conclusion.

Figure 20. The impeller of single-stage compressor after tests.

6. Conclusions

Based on a 1 MW sCO; power generation cycle, a sCO, single-stage centrifugal
compressor with a speed of 40,000 RPM and a pressure ratio of 2.5 was designed. Detailed
parameters and the structural design of the compressor were also given. In order to carry
out compressor test, a test platform was built, and its test ability and precision could meet
the requirements of the experiment. An experiment of 30,000 £ 1000 RPM was analyzed,
and the following conclusions were obtained:
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(a) The single-stage compressor completes about 30,000 RPM upon performance curve
testing, including near the surge point and close to the choke point. The mass flow range is
13.5~18 kg /s and the maximum experimental pressure ratio is close to 2.0.

(b) The inlet of the compressor is supercritical-liquid like, slightly deviating from the
design point, and the tip clearance of the compressor is larger than the design value in
order to ensure the safety of the experiment. In order to minimize the influence of the inlet
condition as much as possible, the experimental results are made dimensionless by using a
flow coefficient and isentropic head coefficient. The flow coefficient ranges from 0.019 to
0.025, which belongs to the small flow coefficient condition, and the maximum isentropic
head coefficient is 0.46.

(c) Comparing the dimensionless experimental curve with the design curve, it was
found that the isentropic head coefficient of the experimental curve is lower than the
design value, which may be caused by the increase in the tip clearance. In addition, the
experimental curves shift towards the boundary of small flow coefficient, and the choke
boundary becomes obviously narrower.

(d) Condensation phenomena at the leading edge of impeller inlet were analyzed. It
was found that the isentropic acceleration boundary velocity at the inlet of impeller is only
50 m/s under the experimental inlet condition, and the condensation area near the blocked
boundary condition extends from the leading edge of inlet to 50% arc length. A wide-
ranging condensation area occurs, and the sound velocity of two-phase fluid decreases.
In addition, the condensation process was analyzed, and it was found that the average
density of the liquid-like condensation process decreased, resulting in an increase in the
volume flow rate and an increase in the relative speed of condensation section. Increasing
relative velocity and decreasing sound velocity all aggravate local blockage of the impeller
and narrow the blockage boundary of experimental curve.
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Nomenclature
units
3D three-dimensional
AMC Acceleration Margin to Condensation
CFD computational fluid dynamics
sCO, Supercritical CO,

pressure ratio
pressure, MPa
temperature, K
rotor speed, RPM
mass flow rate, kg/s
velocity, m/s

flow rate, m3/s

0<zzA797
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H enthalpy, k] /kg

s entropy, k] / (kg-K)

Greek symbol

P density, kg/m?

n compressor efficiency

@ flow coefficient

Y head coefficient
Subscription

Pp; inlet pressure, MPa

Py outlet pressure, MPa

Tor inlet temperature, K

To outlet temperature, K

ho inlet enthalpy, kJ /kg

hpp outlet total enthalpy, k] /kg
Viimit condensation acceleration Velocity, m/s
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