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Theoretical study on windage loss characteristics of supercritical
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In the realm of Supercritical Carbon Dioxide (S-CO.,) rotary machinery, a shaft-type clearance is
formed between the rotating rotor and stationary casing—a phenomenon prevalent in electric
motors, compressors, and turbines. Due to its high density, the rotational flow of S-CO, within
such clearances results in significant windage loss, exerting a substantial impact on the
performance of rotary machinery. Addressing this issue, this paper employs numerical
simulation to theoretically investigate the aerodynamic drag characteristics induced by high-
speed rotation of S-CO, within shaft-type clearances.
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Initially, the numerical calculation method is validated using experimental data from existing
literature. Subsequently, an analysis is conducted on the influences of flow parameters and
geometric structures on the characteristics of windage loss. This includes an examination of
various flow field features such as temperature distribution, pressure distribution, and velocity
distribution, along with an assessment of the applicability of Taylor vortex transition points and
existing correlations. The results indicate that an increase in S-CO- density leads to higher wall
shear forces and elevated temperature rise. The fluctuation in radial velocity corresponds well
with Taylor vortex transition, and the windage loss is found to be adequately described by the
established correlation for TCP flow.

INTRODUCTION

The As society rapidly advances, the escalating conflict between energy and the environment
has become increasingly severe. Supercritical carbon dioxide (S-CO.) Brayton cycle power
generation technology, with its excellent environmental-friendly characteristics, has gradually
become a research hotspot. Unlike traditional power generation systems using steam as the
working fluid, S-CO, power generation technology utilizes the characteristics of supercritical
fluids, addressing issues such as high compression power consumption and low thermal
efficiency[1]. However, as research progresses, experimental setups established by various
institutions have encountered significant windage loss issues, directly leading to research
stagnation. Representative examples include the Sandia National Laboratories in the United
States [2], the BMPC Laboratories in the United States[3,4], and the IAE Institute in Japan[5].
The root cause of this problem lies in the gaps between impellers and seals, stators and shafts
in critical components of systems such as motors, compressors, and turbines, which are filled
with S-CO.. Due to the higher density of S-CO, compared to air or steam, coupled with high
rotational speeds of the units, substantial windage loss has been generated[6-8].

The windage loss generated by rotational flow is typically calculated using the following equation:
W = tpCsR; *wiL (1)

where p is the fluid density (kg/m3), R: is the radius within the gap, i.e., the rotor radius (m), ®
is the angular velocity (rad/s), and L is the axial length (m). C; is the surface friction coefficient,
an empirical factor introduced for improved calculation accuracy. Previous research has
indicated that windage loss in TC flow can be predicted using this correlation equation. Various
models exist for predicting, applicable under different conditions [9-15]. Most existing literature
focuses on flow losses within the enclosed air in motor cavities, primarily addressing air TC flow
[16-21]. Research on TC flow for S-CO, occasionally appears [9, 22], but studies on TCP flow
are scarce, especially lacking in research on S-CO; TCP flow. To break through S-CO; turbine
design technology and enhance equipment performance, in-depth research on wind-induced
windage loss in S-CO, TCP flow is urgently needed. Against this background, this paper
conducts a series of studies on flow field characteristics (temperature field, pressure field,
velocity field), Taylor vortex transition points, and the applicability of existing correlation
equations.
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METHODOLOGY
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The basic geometric model of the TCP flow is illustrated in Figure 1, where R1 represents the
rotor radius, R2 represents the stator radius, L represents the axial length, and d represents the
gap width, which is equal to R2 - R1. The three-dimensional numerical simulation domain is
depicted in Figure 2, with mass flow rate and temperature boundaries at the inlet and pressure
boundary at the outlet. Additionally, based on the TCP flow model, wall conditions are set with
the inner wall rotating and the outer wall stationary. To better investigate the characteristics of
windage loss, both conditions are considered adiabatic.

To validate the computational method, the windage loss experimental data of air obtained by
Anderson [23] using the force balance method is compared with the CFD results in this study.
The literature focuses on a high-speed motor as the experimental subject, with axial airflow in
the annular gap between the motor stator and rotor, forming an air TCP flow. The dimensions
and relevant boundary conditions for the experiment are presented in Table 1.

Table 1 Model size and boundary parameters used in case verification [19]

Parameter Value Unit

Rotor radius R1 43.5 mm

Stator radius Rz 45.5 mm

Gap width 6 2 mm

Axial length L 60 mm

Inlet flow rate G 0.00373 kg/s
Inlet temperature Tin 295 K

Outlet pressure Pouyt 0.1 MPa

Rotational speed n 5000-36000 r/min

* Corresponding author



100 T T T T T T T T 100 T T T T T T T 15
e Experimental data
= Simulation data
9L . —" - S 80 - —v— Relative deviation 14
é . | % 60 - \ ., 413 %
<) 2 3
[+ ©
E g w} . J12 2
z L ] = g
. &
20 \v—y 411
60 m 4
L L L L L L L L 0 L L L L L L 10
0 2 4 6 s 10 12 14 16 0 5000 10000 15000 20000 25000 30000 35000 40000
Mesh quantity(10°) Rotational speed (r/min)
Fig. 3 Grid independence verification Fig. 4 Comparison between simulation results

and experimental data

The simulation utilized the SST turbulence model and underwent grid independence verification.
The comparison between numerical and experimental results is illustrated in Figure 4, where the
horizontal axis represents the rotational speed, and the vertical axis represents the windage loss.
As shown in the graph, the numerical calculation results are slightly higher than the measured
data. This discrepancy could be attributed to the fact that, during the experiment, the stator and
rotor were not under adiabatic conditions, leading to some error in the torque calculated using the
force balance method. The relative error decreases as the rotational speed increases, with a
maximum relative error of 13%. Therefore, this computational method can accurately predict the
windage loss characteristics in the annular gap.

After verifying the accuracy of the model, the study in this paper investigates the following
operating conditions: (1) Keeping the same boundary conditions and structural parameters, only
the working fluid density is changed. (2) Keeping the same boundary conditions and structural
parameters, only the rotational speed is changed. (3) Keeping the same flow parameters and
structural parameters, either R, or R1is modified. The flow parameters mentioned include the
rotational Reynolds number Re,, and axial Reynolds number Re,, while the structural parameters
involve the radius ratio n and the aspect ratio I".
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RESULTS AND DISCUSSION
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From Figure 5, it can be observed that the fluid temperature gradually increases with the
increase in flow length. This indicates that under the action of rotor rotation, significant viscous
losses occur within the fluid, leading to a gradual temperature rise. On the other hand, with an
increase in working fluid density, the temperature rise becomes more pronounced. Additionally,
Figure 6 reveals that the wall shear force exhibits noticeable fluctuations due to the vortices
generated by rotation. Moreover, as the density increases, the fluctuations in wall shear force
become more significant, with higher values. This, to some extent, increases the frictional losses
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on the rotor surface, providing additional support to the findings in Figure 5.

Radial velocity(m/s)

| —— 137.5 (kg/m*)

— 182.5 (kg/m*)

F— 232.8 (kg/m*)

— 287.9 (kg/m*)

L—— 345.9 (kg/m’)

<

2.0

p=137.5 (kg/m*)

Velocity w ‘
Contour 1

7 p=182.5 (kg/m*)

6

5 \

‘; p=232.8 (kg/m*)
2 \

:) p=287.9 (kg/m*)
-1

j p=345.9 (kg/m*)

[m sh-1] ‘

0.00 0.02 0

. 04 0. 06

0.08

0.10

Axial absolute position(m)
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Fig.8 Axial velocity contour of an axial cross-section
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Figure 7 depicts the variation curve of radial velocity along the axial position. When the density
is low, it almost forms a straight line without any fluctuations. As the density increases, the
starting point of the fluctuations moves closer to the inlet position, and the amplitude of the
fluctuations increases. This pattern is consistent with the variation observed in the Taylor vortex
transition point in the velocity contour plot (Figure 8). Further observation reveals that the starting
point of the radial velocity fluctuations corresponds to the transition point of the Taylor vortices
in the contour plot. This suggests that the starting point of radial velocity fluctuations can be used
as a reliable indicator for determining the initiation position of Taylor vortex transition points,
which is more dependable than observation in the velocity contour plot.
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Fig.9 Pressure distribution in the tangential profile

From Figure 9, it is evident that there are periodic high-pressure regions near the stator wall and
periodic low-pressure regions near the rotor wall. This phenomenon occurs because the fluid on
the rotor surface, under the influence of centrifugal force, accelerates and flows towards the
stationary wall. As it reaches the nearly stationary wall, the velocity decreases, leading to higher
stagnation pressure. The high pressure near the nearly stationary wall drives the fluid to flow
back towards the rotor surface, forming the Taylor vortices.
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Fig.10 Verification diagram of the applicability of the windage loss correlation formula

From the above figure, it is clear that o . w3 and R;* are roughly linearly related to windage
loss. The slight fluctuations are attributed to uncertainties in the friction coefficient, which is not
discussed in this study.

In summary, an increase in S-CO, density results in increased wall shear force, leading to a rise
in temperature. As density increases, the starting point of the radial velocity fluctuation is closer
to the inlet position, aligning closely with the transition point of Taylor vortices. The basic
correlation equation for windage loss is also applicable to TCP flow, though further research is
needed to develop a more accurate empirical correlation for the friction coefficient.
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