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ABSTRACT: The supercritical carbon dioxide cycle is a Brayton cycle with great
application prospects. As a key equipment in this cycle, the turbine machinery usually
adopts a dry gas seal as the sealing method between the cylinder and sliding bearing to
reduce the leakage of carbon dioxide. In this paper, the numerical model of
supercritical carbon dioxide turbine rotor cooling is established, and the grid
independence is verified. The effects of inlet temperature and flow rate of dry gas seal
and leakage flow rate from cylinder to dry gas seal at the high-temperature inlet side of
a turbine upon rotor cooling are studied. The effects of inlet temperature Tin and flow
rate Qv of sealing gas in a dry gas seal and leakage mass flow rate Qm from a cylinder to
dry gas seal on pressure loss, outlet flow distribution, exhaust temperature, and rotor
temperature distribution are analyzed. As a result, it can be found that with the
increase of the inlet flow rate of dry gas seal gas and the leakage flow rate from cylinder
to dry gas seal, the pressure difference between the inlet and outlet of each seal gas
increases. When the inlet flow rate of dry gas seal gas ranges from 300 N m3/h to 900 N m3/h, with the leakage flow from cylinder to
dry gas seal increasing from 1.3 kg/s to 2.08 kg/s, the pressure difference between inlet and outlet of each seal gas increases by 7.9%
to 13.4%. The pressure difference between the inlet and outlet of each seal gas decreases with the increase of the inlet temperature of
dry gas seal gas. When the inlet flow rate of the seal gas of the dry gas seal is 300 N m3/h and the leakage flow rate from cylinder to
dry gas seal is 2.08 kg/s, the inlet temperature of seal gas increases from 100 to 150 °C, and the flow distribution at the outlet is
basically unchanged. The research provides theoretical reference for rotor cooling design of a supercritical carbon dioxide turbine.

1. INTRODUCTION
Energy and environmental problems are becoming more and
more prominent. In recent years, researchers have tried to find
a more effective conversion system or power cycle to replace
an existing system or power cycle, so as to improve energy
efficiency. Feher designed the first supercritical carbon dioxide
(s-CO2) cycle in 1967, which has a small volume and high
efficiency, and is a promising cycle mode that can replace
existing cycles.1,2

At the same time, scientists are exploring more applications
of the supercritical carbon dioxide cycle, and improving the
efficiency of the system through analysis and optimization.3−5

Mohammadi et al.3 proposed a novel triple power cycle where
waste heat from a gas turbine cycle is utilized to drive a
supercritical carbon dioxide (s-CO2) recompression cycle and
a recuperative organic Rankine cycle (ORC) in sequence. They
developed a detailed thermoeconomic model in MATLAB to
evaluate the performance of the proposed cycle under different
operating conditions. A detailed analysis and optimization
study of the recompression cycle were presented by Saeed and
Kim.4 A recompression sCO2 cycle for a solar central particles
receiver application was optimized by Reyes-Belmonte et al.,5

and the net cycle efficiency is close to 50%.

The application of supercritical carbon dioxide cycle is
inseparable from the development and design of key
equipment. The development of a high-efficiency supercritical
carbon dioxide turbine is still in the design and optimization
stage, and researchers are trying to study the design method
and improve its efficiency.6−10 Zhou et al.6 proposed and
designed a 1.5-MW S-CO2 radial inflow turbine. The three-
dimensional (3D) numerical simulation of the designed
turbine is carried out by using ANSYS-CFX commercial
software, and the results are in good agreement with the design
values. The aerothermodynamic design, blade geometrical
design, CFD analysis results, and strength evaluation of 15-
MW axial SCO2 turbine and 1.5-MW radial SCO2 turbine were
investigated by Zhang et al.7 Uusitalo and Grönman8

investigated the losses of supercritical CO2 radial turbines
with design power scales of about 1 MW using computational
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fluid dynamic simulations and found a similar trend in the
development of the losses as the turbine specific speed was
changed. CFD analysis of a supercritical carbon dioxide
(SCO2) radial-inflow turbine generating 100 kW from a
concentrated solar resource of 560 °C with a pressure ratio of
2.2 was explored by Odabaee et al.9 Luo et al.10 designed a 10
MW single-stage centrifugal turbine using SCO2 as the working
fluid and obtained the SCO2 centrifugal steam turbine with
total static efficiency and output power of 89.02% and 10.07%.
Different from the traditional steam cycle, the leakage of

carbon dioxide in a supercritical carbon dioxide cycle should be
minimized. At present, a dry gas seal with small leakage is
widely used in compressors and turbines as the shaft end seal
of equipment. A lot of research work has been done on the
structure and performance of dry gas seal.11−22

Theoretical calculations and experimental tests were
performed to investigate the influence of turbulence effect
and different flow processes on S-CO2 dry gas seal perform-
ance by Yan et al.11 Thatte et al.12 quantified the effect of
various design features on the optimal performance and
provided insights for a successful dry gas seal operation in a
sCO2 turbomachine. The chamber temperature, cooling
effects, and the deformation of the rotating ring were
numerically investigated using the fluid-thermal-solid coupling
by Yuan et al.,13 and it was found that the designed tangential
admission cooling structure has the best cooling performance.
Laxander et al.14 gave insight into the seal and test loop design,
the test campaign, and results. The effects of different fluids,
rotational speeds, pressure ratios, and whirl types on seal
dynamic characteristics were compared and analyzed by Si et
al.15 The effect of grooved ring rotation on sealing perform-
ance was discussed by Du et al.16 The sealing performance of
the SCO2 model is more easily affected by the inlet
temperature and pressure compared with the air model.
Muhammad et al.17 proposed a new barrier gas method to
reduce the power associated with the leakage supplement
system for the sCO2 turbine and reduced the leakage flow rate
from the turbine. Wu et al.18 studied the sealing characteristics
of the single-stage spiral groove dry gas seal in the SCO2
operating environment and found that the dry gas seal leakage
flow rate under different film thicknesses is 0.04% to 0.45% of
the SCO2 compressor flow rate. Zakariya and Jahn19

investigated the supercritical CO2 dry gas seals operating
close to the critical point with an inlet pressure and
temperature of 8.5 MPa and 370 K, respectively, and a speed
of 30000 rpm and presented the effects of the groove length or
dam to groove ratio on the performance of the dry gas seal. Du
and Zhang20 investigated the performance of supercritical CO2
dry gas seal with a different deep spiral groove and found that
SCO2 DGS can generate larger average film pressure, open
force, and leakage with lower average face temperature than air
DGS. Fairuz Zakariya21 optimized the face geometry for a
small to median scale supercritical closed loop Brayton cycle
(1−20 MWe). Fairuz et al.22 conducted coupled simulations to
explore trends and methods to reduce the distortion of a dry
gas seal operating with supercritical CO2.
The Brayton cycle is adopted in the supercritical carbon

dioxide cycle test bed. Different from the traditional power
plant, it is a closed cycle, so it is necessary to reduce the
leakage of the system. In this cycle, a dry gas seal is used for
compressor and turbine equipment. Because the use of a dry
gas seal is limited by temperature, and the inlet temperature of
the turbine is as high as 600 °C, the design of a high-

temperature turbine is difficult, especially for the rotor cooling
between the turbine inlet and dry gas seal. If the dry gas seal
can work normally, the rotor temperature at the installation
position of dry gas seal must be reduced to the service
temperature, and the rotor length should be controlled to
ensure reliable rotor dynamics and compact turbine structure.
It is helpful for the design of supercritical carbon dioxide
turbine structure and determination of cooling flow rate to
study the influence of the temperature and flow rate of dry gas
seal sealing gas and the flow rate of the turbine main flow
leaking to the dry gas seal on the cooling effect of the turbine.
The supercritical carbon dioxide cycle test-bed23 is being

built in Shanghai Lingang District, and the schematic diagram
of supercritical carbon dioxide cycle test-bed is shown in
Figure 1. In this paper, the numerical model of the supercritical

carbon dioxide turbine rotor cooling is established, and the
grid independence is verified in section 2. The effects of inlet
temperature and flow rate of dry gas seal and leakage flow rate
from cylinder to dry gas seal at high temperature inlet side of
the turbine on rotor cooling are studied. The effects of inlet
temperature Tin and flow rate Qv of the sealing gas in the dry
gas seal and leakage mass flow rate Qm from cylinder to dry gas
seal on the pressure loss, outlet flow distribution, exhaust
temperature, and rotor temperature distribution are analyzed.
The results are presented in section 3. Finally, a summary of
the present work is presented in section 4.

2. NUMERICAL CALCULATION MODEL AND METHOD
2.1. Physical Model. Inlet temperature of supercritical

carbon dioxide turbine is 600 °C, inlet pressure is 23.2 MPa,
inlet flow rate is 26 kg/s, exhaust pressure is 9.3 MPa, and
exhaust temperature is 495 °C. The geometric model of the
dry gas seal cooling calculation is shown in Figure 2. The
geometric model not only considers the asymmetry of the
turbine structure, but also simplifies the model reasonably to
minimize the calculation error. The geometric model used for
calculation simplifies the turbine structure, ignoring the blade
shape of the turbine and the structure of the outlet. There are
six inlets for dry gas seal cooling gas. The cooling gas is mixed
with the cylinder leakage gas, and then mixed with the turbine

Figure 1. Schematic diagram of supercritical carbon dioxide cycle test-
bed: 1, buffer tank; 2 and 13, cooler; 3 and 14, reliever; 4, precooler;
5, main compressor; 6, condenser; 7, pump; 8, recompressor; 9, low
temperature recuperator; 10, high temperature recuperator; 11,
turbine; 12, power consuming machine; 15, heater.
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exhaust gas at the position of the casing near the turbine outlet,
and then discharged. The top clearance of comb seal between
cylinder and dry gas seal is 0.3 mm.
2.2. Numerical Calculation Method. The steady

compressible Navier Stroke equations are given by the
following.24

Conservation of momentum:

+ · = + ·
t

v vv P( ) ( ) ( )
(1)

where τ̿ is the stress tensor given by
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where μ is the molecular viscosity, I is the unit tensor, and the
second term on the right-hand side is the effect of volume
dilation.
Mass conservation:
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t
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The source Sm is the mass added to the continuous phase from
the dispersed second phase and any sources.
Conservation of energy:
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As shown in Figure 3, the polyhedral grid is generated by the
grid generation software fluent meshing, and the watertight
geometry workflow was adopted. The grid is imported into
ANSYS fluent to get the solution. The maximum expansion
rate of the boundary layer is set to 1.2. As shown in Figure 4,
there are 3 boundary layers of grids near the surface of fluid.
The mesh number of the model is approximately 15,340,000.
As shown in Figure 5, the grid independence of the calculation
model is verified. The SST k-omega model is chosen to
calculate the flow. The convergence precision of all root-mean-
square residuals is less than 10 × 10−5. The working fluid
material is CO2 and the physical state at the inlet is

supercritical. The carbon dioxide three-phase distribution
diagram is shown in Figure 6. In order to accurately simulate

Figure 2. Geometric model.

Figure 3. Mesh model.

Figure 4. Details of grids in the tip clearance region.

Figure 5. Mesh independency investigation.

Figure 6. Carbon dioxide three-phase distribution diagram
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the real state of CO2, the physical property database given by
NIST25 is adopted. The NIST database is established by the
Span and Wagner (SW) equation, which is interpreted as a
fundamental equation of Helmholtz energy equation. The SW
equation covers a wide range for pressure and temperature, and
holds excellent performance near the critical point, where the
accuracy is equivalent to the test uncertainty.26 The material of
rotor and shell is defined as steel.
As shown in Figure 7 and Table 1, the massflow inlet is

adopted and the temperature at the leakage inlet is 600 °C.
The inlet temperature on the wall1 and wall2 are 600 and 495
°C respectively. The outlet static pressure is 9.3 MPa. The
surface temperature of the rotor at the installation position of
the bearing is 70 °C, and the rotation speed of the rotor is
16000 rpm The leakage flow Qm from cylinder to dry gas seal is
1.3 kg/s and 2.08 kg/s, respectively. The total volume flow of
dry gas sealing gas ranges from 300 N m3/h to 900 N m3/h,
and the inlet temperature ranges from 100 to 150 °C.

3. RESULTS AND DISCUSSIONS
3.1. Influence of Inlet Temperature Tin and Flow Rate

Qv of Dry Gas Seal Gas and Leakage Flow Rate Qm from
Cylinder to Dry Gas Seal on Pressure Loss. As shown in
Figure 8 and Figure 9, there is a pressure difference between
the inlet and outlet of each seal gas under different inlet
temperatures and flow rates of the seal gas of dry gas seal and
the leakage flow rate from cylinder to dry gas seal. With the
increase of the inlet flow rate of dry gas seal gas and the leakage
flow rate from cylinder to dry gas seal, the pressure difference
between the inlet and outlet of each seal gas increases. When
the inlet flow rate of dry gas seal gas ranges from 300 N m3/h
to 900 N m3/h, with the leakage flow from cylinder to dry gas
seal increasing from 1.3 kg/s to 2.08 kg/s, the pressure
difference between inlet and outlet of each seal gas increases by

7.9% to 13.4%. The pressure difference between the inlet and
outlet of each seal gas decreases with the increase of the inlet
temperature of dry gas seal gas, which is mainly related to the
properties of supercritical carbon dioxide. The density
increases with the increase of temperature, and the flow rate
of carbon dioxide in the channel decreases.
3.2. Influence of Inlet Temperature and Flow Rate of

Dry Gas Seal Gas and Leakage Flow Rate from Cylinder
to Dry Gas Seal on Outlet Flow Distribution. The mass
flow distribution of each seal gas outlet is shown in Figure 10
and Figure 11 under different inlet temperature, flow rate, and
leakage flow rate from cylinder to dry gas seal. When the inlet

Figure 7. Boundary conditions.

Table 1. Boundary Conditions

no. n/rpm Qm/(kg/s) Qv/(Nm3/h) Tin/°C Twall2/°C Pout/MPa Twall3/°C
1 16000 1.3 900 100 495 9.3 70
2 16000 1.3 900 130 495 9.3 70
3 16000 2.08 900 100 495 9.3 70
4 16000 2.08 900 130 495 9.3 70
5 16000 2.08 900 150 495 9.3 70
6 16000 1.3 700 130 495 9.3 70
7 16000 2.08 700 130 495 9.3 70
8 16000 1.3 500 130 495 9.3 70
9 16000 2.08 500 130 495 9.3 70
10 16000 1.3 300 130 495 9.3 70
11 16000 2.08 300 130 495 9.3 70

Figure 8. Pressure difference between inlet and outlet under different
inlet flow rates of dry gas seal gas and leakage flow from cylinder to
dry gas seal.
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flow of seal gas is evenly distributed, the outlet flow
distribution is not exactly the same, mainly because of the
uneven distribution of inlet and outlet and the uneven
distribution of temperature. When the inlet flow rate of seal
gas of dry gas seal is 300 N m3/h and the leakage flow rate
from cylinder to dry gas seal is 2.08 kg/s, the inlet temperature
of seal gas increases from 100 to 150 °C, and the flow
distribution at the outlet is basically unchanged. It is mainly
because the flow rate of sealing gas is much smaller than the
leakage flow rate from cylinder to dry gas seal, and the flow
rate of sealing gas is less than one tenth of the leakage flow
rate.
3.3. Influence of Inlet Temperature and Flow Rate of

Dry Gas Seal Gas and Leakage Flow Rate from Cylinder
to Dry Gas Seal on Exhaust Temperature. Under different
inlet temperatures, flow rates of dry gas seals and leakage flow
rates from cylinders to dry gas seals, the mass temperature
distribution of each seal gas outlet is shown in Figure 12 and
Figure 13. When the inlet temperature of sealing gas and the
leakage flow from cylinder to dry gas seal are constant, the

outlet temperature decreases with the increase of the inlet flow
of sealing gas. Within the range of 300 N m3/h-900 N m3/h,
the average outlet temperature increases by 3.2%−4.7% for
every 200 N m3/h increase in the inlet flow. The inlet
temperature of the seal gas is lower than the temperature of the
leakage gas from the cylinder to the dry gas seal. With the
increase of the inlet flow rate, the proportion of the inlet flow
rate to the total flow rate increases, and the temperature after
the mixture of the two decreases. The outlet temperature
increases with the increase of leakage flow from cylinder to dry
gas seal. As the leakage flow to the cylinder dry gas seal
increases, the proportion of intake flow to the total flow
decreases, and the temperature after the mixture of the two
increases.
The outlet temperature rises with the increase of the inlet

temperature of the sealing gas, and the outlet temperature rises
by 3−6 °C for every 20 °C increase in the inlet temperature.
3.4. Influence of the Temperature and Flow Rate of

Dry Gas Seal Gas and the Leakage Flow Rate from
Cylinder to Dry Gas Seal on the Average Temperature

Figure 9. Pressure difference between inlet and outlet of dry gas seal
at different inlet temperatures.

Figure 10. Outlet flow under different inlet flow rates of dry gas seal
gas and leakage flow rates from cylinder to dry gas seal.

Figure 11. Outlet flow rate at different inlet temperatures of dry gas
seal gas.

Figure 12. Outlet temperature under different inlet flow rates of dry
gas seal gas and leakage flow rates from cylinder to dry gas seal.
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of Rotor Section. The average temperature distribution of
the rotor section along the axial direction is shown in Figure 14

and Figure 15. The leakage flow from cylinder to dry gas seal
increases from 1.3 kg/s to 2.08 kg/s, and the average
temperature of rotor section changes little. The inlet
temperature and flow rate of dry gas seal have great influence
on the temperature of local areas, especially between the inlet
of dry gas seal and the inlet of leakage gas. As the flow rate of
seal gas increases, the average temperature of cross section
decreases obviously, and at the same time, the average
temperature of cross section decreases with the decrease of
the inlet temperature of sealing gas. At the cross-section
position x = 0.4 m, the average cross-section temperature of
the rotor is the highest, reaching 564 °C. Mainly because this
section is close to the high temperature inlet of the turbine,
and the inlet CO2 temperature is 600 °C. At the same time, the
average cross-section temperature of the rotor is basically
unchanged from the cross-section position x = 0 m to x = 0.3

m. The section average temperature of the rotor in this
position range is more obviously affected by the turbine outlet
temperature. In the range of cross-section position from x =
0.4 m to x = 0.76 m, the average temperature of the rotor
cross-section is the highest and decreases rapidly with the
cooling of dry gas seal gas.
3.5. Influence of Inlet Temperature and Flow Rate of

Dry Gas Seal Gas and Leakage Flow Rate from Cylinder
to Dry Gas Seal on Rotor Wall Temperature. The average
temperature distribution of the rotor wall along the axial
direction is shown in Figure 16 and Figure 17. The leakage

flow rate to the cylinder dry gas seal increases from 1.3 kg/s to
2.08 kg/s, and the average temperature of the rotor wall
changes little. The inlet temperature and flow rate of the dry
gas seal have a great influence on the rotor temperature of local
areas, especially between the dry gas seal inlet and the leakage
gas inlet. With the increase of the seal gas flow rate, the average
wall temperature decreases obviously, and at the same time,
the average wall temperature decreases with the decrease of the

Figure 13. Outlet temperature at different inlet temperatures of dry
gas seal.

Figure 14. Average temperature of rotor section under different inlet
flow rates of dry gas seal gas and leakage flow rates from cylinder to
dry gas seal.

Figure 15. Average temperature of rotor section at different inlet
temperatures of dry gas seal gas.

Figure 16. Average temperature of rotor wall under different inlet
flow rates of dry gas seal gas and leakage flow rates from cylinder to
dry gas seal.
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inlet temperature of the seal gas. The average temperature of
the wall began to decrease at the inlet of the leakage gas, and
suddenly increased at the position of x = 0.5 m. Because of the
presence of the shaft shoulder at this position, the velocity of
the high-temperature leakage gas made an angle of 90 with the
wall, which was affected by the convective heat transfer of the
high-temperature leakage gas, resulting in a higher average
temperature of the wall at this position.
3.6. Influence of Temperature Ts and Flow Rate Qv of

Dry Gas Seal Gas and the Leakage Flow Rate Qm from
Cylinder to Dry Gas Seal on the Contact Surface
Temperature between Dry Gas Seal and Rotor. As
shown in Figure 18 and Figure 19, the average and maximum
temperature of the contact surface between dry gas seal and
rotor decreases with the increase of sealing gas flow, increases
with the increase of leakage flow from cylinder to dry gas seal,
and increases with the increase of sealing gas inlet temperature.
With the increase of the leakage gas flow rate, more heat is
conducted from the high temperature side per unit time, which

reduces the cooling effect of dry gas sealing gas on the rotor.
The larger is the flow rate and the is lower the inlet
temperature of dry gas seal cooling gas, the better is the
cooling effect on the rotor.
3.7. Cloud Image and Vector Image. As shown in Figure

20, the temperature cloud chart at the section z = 0 m shows

that the bearing position wall1 has the lowest temperature, the
cylinder inlet wall wall3 has the highest temperature, and the
temperature at the section near the cylinder inlet on the shaft is
obviously higher than that at other positions, indicating that
the dry gas seal cooling gas has obvious cooling effect on the
shaft. The high temperature zone of the rotor is distributed in a
small range near the turbine inlet, mainly because the right side
of the rotor is cooled by dry gas seal cooling gas, and the left
side of the rotor is affected by the turbine outlet temperature.
The velocity vector diagram of the fluid cross section at z =

0 m is shown in Figure 20. As shown in Figure 21, the cylinder
leakage gas and the dry gas seal cooling gas are mixed at the
outlet of the comb seal, and they are fully mixed in the mixing
chamber. After redistribution, they flow through the outlet
channel and enter the outlet position of the cylinder, and then
they are mixed with the exhaust gas of the cylinder. The
obvious backflow occurred in the mixing chamber which is an

Figure 17. Average temperature of rotor wall under different inlet
temperatures of dry gas seal gas.

Figure 18. Temperature of contact surface between dry gas seal and
rotor under different inlet flow rates of dry gas seal and leakage flows
rate from cylinder to dry gas seal.

Figure 19. Temperature of contact surface between dry gas seal and
rotor at different inlet temperatures of dry gas seal gas.

Figure 20. Temperature nephogram at section z = 0 m.
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annular cavity. Because the outlet channel is on the left side of
the annular cavity, the mixed gas can not be discharged
smoothly, resulting in backflow.
The temperature nephograms of the fluid section at z = 0 m

are shown in Figures 21 and 22. As shown in Figure 22 and
Figure 23, with the increase of the cooling flow rate of dry gas
seal, the area of high temperature section gradually decreases,
and the cooling effect is obviously improved: The leakage flow
rate to the cylinder dry gas seal increases from 1.3 kg/s to 2.08
kg/s, and the temperature in the mixed area of the leakage gas
and the dry gas seal cooling gas increases obviously, but the
temperature change in the dry gas seal cooling area is not
obvious, which indicates that the comb seal effectively
prevented the leakage of the leakage gas to the dry gas seal
area. With the increase of inlet temperature of dry gas seal, the
temperature in the mixed area of leakage gas and dry gas seal
cooling gas, and the temperature in the dry gas seal area
obviously increase, indicating that the inlet temperature of dry
gas seal directly affects the cooling effect.
The nephogram of the temperature at the axial section with

x = 0.55 m is shown in Figures 24 and 25. As shown in Figure
24 and Figure 25, with the increase of the cooling flow rate of
dry gas seal, the cross section temperature distribution is
obviously improved. The leakage flow to the cylinder dry gas

seal increases from 1.3 kg/s to 2.08 kg/s, and the temperature
distribution in the cross section has no obvious change. With
the increase of inlet temperature of dry gas seal, the cooling
effect of shaft changes obviously, the area of high-temperature
section increases, and the average temperature increases
obviously.

4. CONCLUSIONS
In this paper, the numerical model of supercritical carbon
dioxide turbine rotor cooling is established, and the effects of
inlet temperature and flow rate of turbine dry gas seal and
leakage flow rate from cylinder to dry gas seal on turbine rotor
cooling are studied. The main research results are summarized
as follows.
(1) With the increase of the inlet flow rate of dry gas seal gas

and the leakage flow rate from cylinder to dry gas seal,
the pressure difference between the inlet and outlet of
each seal gas increases. When the inlet flow rate of dry
gas seal gas ranges from 300 N m3/h to 900 N m3/h,
with the leakage flow from cylinder to dry gas seal
increasing from 1.3 kg/s to 2.08 kg/s, the pressure
difference between inlet and outlet of each seal gas
increases by 7.9% to 13.4%. The pressure difference
between the inlet and outlet of each seal gas decreases
with the increase of the inlet temperature of dry gas seal
gas.

(2) When the inlet flow of seal gas is evenly distributed, the
outlet flow distribution is not exactly the same. When
the inlet flow rate of seal gas of dry gas seal is 300 N m3/
h and the leakage flow rate from cylinder to dry gas seal
is 2.08 kg/s, the inlet temperature of seal gas increases
from 100 to 150 °C, and the flow distribution at the
outlet is basically unchanged.

(3) When the inlet temperature of sealing gas and the
leakage flow from cylinder to dry gas seal are constant,
the outlet temperature decreases with the increase of the
inlet flow of sealing gas. Within the range of 300 N m3/
h-900 N m3/h, the average outlet temperature increases
by 3.2%−4.7% for every 200 N m3/h increase in the
inlet flow. The outlet temperature increases with the
increase of leakage flow from cylinder to dry gas seal.

Figure 21. Velocity vector diagram of fluid section z = 0 m.

Figure 22. Temperature nephogram of fluid section z = 0 m when Tin = 130 °C. (a) Qm = 1.3 kg/s, Qv = 300 N m3/h, Tin = 130 °C; (b) Qm = 1.3
kg/s, Qv = 500 N m3/h, Tin = 130 °C; (c) Qm = 1.3 kg/s, Qv = 700 N m3/h, Tin = 130 °C; (d) Qm = 1.3 kg/s, Qv = 900 N m3/h, Tin = 130 °C; (e) Qm =
2.08 kg/s, Qv = 300 N m3/h, Tin = 130 °C; (f) Qm = 2.08 kg/s, Qv = 500 N m3/h, Tin = 130 °C; (g) Qm = 2.08 kg/s, Qv = 700 N m3/h, Tin = 130 °C;
(h) Qm = 2.08 kg/s, Qv = 900 N m3/h, Tin = 130 °C.
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The outlet temperature rises with the increase of the
inlet temperature of the sealing gas, and the outlet
temperature rises by 3−6 °C for every 20 °C increase in
the inlet temperature.

In the future, it will be necessary to verify the accuracy of the

analysis results through experiments and the applicability of

the conclusions in this paper in the design of higher power

supercritical carbon dioxide turbines.
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Figure 23. Temperature nephogram of fluid section z = 0 m when Tin = 100 °C, 130 °C, and 150 °C. (a) Qm = 2.08 kg/s, Qv = 900 N m3/h, Tin =
100 °C; (b) Qm = 2.08 kg/s, Qv = 900 N m3/h, Tin = 130 °C; (c) Qm = 2.08 kg/s, Qv = 900 N m3/h, Tin = 150 °C.

Figure 24. Temperature nephogram at x = 0.55 m axis section when Tin = 130 °C. (a) Qm = 1.3 kg/s, Qv = 300 N m3/h, Tin = 130 °C; (b) Qm = 1.3
kg/s, Qv = 500 N m3/h, Tin = 130 °C; (c) Qm = 1.3 kg/s, Qv = 700 N m3/h, Tin = 130 °C; (d) Qm = 1.3 kg/s, Qv = 900 N m3/h, Tin = 130 °C; (e)
Qm = 2.08 kg/s, Qv = 300 N m3/h, Tin = 130 °C; (f) Qm = 2.08 kg/s, Qv = 500 N m3/h, Tin = 130 °C; (g) Qm = 2.08 kg/s, Qv = 700 N m3/h, Tin =
130 °C; (h) Qm = 2.08 kg/s, Qv = 900 N m3/h, Tin = 130 °C.

Figure 25. Temperature nephogram of x = 0.55 m axis section when Tin = 100, 130, and 150 °C. (a) Qm = 2.08 kg/s, Qv = 900 N m3/h, Tin = 100
°C; (b) Qm = 2.08 kg/s, Qv = 900 N m3/h, Tin = 130 °C; (c) Qm = 2.08 kg/s, Qv = 900 N m3/h, Tin = 150 °C.
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■ NOMENCLATURE
Qm Mass flow rate (kg/s)
Toutave Average outlet temperature (°C)
Qv Volume flow rate (Nm3/h)
Pout discharge pressure (MPa)
Tout Outlet temperature (°C)
Ts Average temperature of rotor section (°C)
Tw Average temperature of rotor wall (°C)
T Temperature (°C)
Twall3 Surface temperature of the rotor at the installation

position of the bearing (°C)
ΔPave Average pressure difference (MPa)
n Rotation speed (rpm)
Tin Dry gas seal inlet temperature (°C)
Qout Outlet mass flow rate (kg/s)
ΔP Pressure difference (MPa)
Pout Outlet static pressure (MPa)
Twall1 Inlet temperature on the wall1 (°C)
Twall2 Inlet temperature on the wall2 (°C)
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