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Abstract

The Brayton cycle based on supercritical carbon dioxide (S-CO2 ) is widely used in turboma-
chinery. In this paper, the rotordynamic coefficients are systematically investigated for the 
labyrinth seal working with S-CO2  based on NIST REFPROP database. A three-dimensional 
numerical model of the labyrinth seal was developed using computational fluid dynamics 
(CFD). The rotordynamic characteristics of the labyrinth seal for different boundary con-
ditions and various geometries were studied over a wide frequency range of 20–260 Hz. 
Results show that the direct complex stiffness coefficient exhibits strong frequency depen-
dence in the low-frequency region, while the cross-coupled complex stiffness coefficient 
and average direct damping coefficient exhibit relatively slight frequency dependency. The 
effective damping coefficient increases with the increasing inlet pressure, rotational speed, 
blade quantities, and decreasing inlet temperature. The effective damping coefficient has a 
strong frequency dependency at low whirling frequencies less than 80 Hz and increases 
slightly with the decreasing sealing clearance. At high whirling frequencies above 80 Hz, the 
effective damping coefficient increases with the increasing sealing clearance. The effective 
damping coefficient of the labyrinth seal with S-CO2  is about 167~202% of that with air 
modeled as an ideal gas, indicating a more favorable contribution of the seal to rotordy-
namic stability. The frequency-dependent trends of the rotordynamic coefficients under 
real gas conditions differ significantly from those under ideal gas conditions, highlighting 
the importance of real gas effects for accurately predicting the rotordynamic performance 
and stability of S-CO2  labyrinth seals.

Keywords: labyrinth seals; supercritical carbon dioxide; computational fluid dynamics; 
rotordynamic characteristics; effective damping coefficient; stability

1. Introduction
Recently, efficient energy utilization and environmental protection have become in-

creasingly prominent worldwide. Developing novel energy conversion systems that simul-
taneously achieve high efficiency, compact layout and operational safety has emerged as a 
critical research direction in the field of advanced energy technologies [1,2]. Supercritical 
carbon dioxide (S-CO2 ) possesses superior thermophysical characteristics, including high 
fluid density, low viscosity, low compression power consumption and excellent heat transfer 

Aerospace 2026, 13, 1006 https://doi.org/10.3390/aerospace13111006

https://crossmark.crossref.org/dialog?doi=10.3390/aerospace13111006&domain=pdf&date_stamp=2026-10-31
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/aerospace
https://www.mdpi.com
https://orcid.org/0000-0002-1274-3624
https://doi.org/10.3390/aerospace13111006


Aerospace 2026, 13, 1006 2 of 23

performance [3,4]. Accordingly, turbomachinery based on the S-CO2  Brayton cycle has 
attracted extensive research attention in recent decades [5–7].

Seals are indispensable core components of turbomachinery, which serve to restrain 
working fluid leakage and maintain overall cycle efficiency. Meanwhile, fluid forces gen-
erated within the internal flow field of seals fundamentally determine the rotordynamic 
stability of rotor systems [8,9]. For turbine seals operating with conventional working fluids, 
such as air and water vapor, numerous systematic investigations have been implemented 
to clarify the seal impacts on unit efficiency and rotordynamic performance, and the cor-
responding theoretical systems have been well established [10–12]. Nevertheless, unlike 
conventional working fluids, the thermophysical properties of S-CO2  near its critical point, 
including density, viscosity, specific heat, speed of sound, enthalpy and entropy, exhibit 
strongly nonlinear variations with pressure and temperature [13]. Such distinctive physical 
properties make the traditional seal design methodologies established for conventional 
fluids inapplicable to S-CO2  turbomachinery [14,15].

To clarify the discrepancies in leakage behaviors and rotordynamic characteristics be-
tween S-CO2  and conventional working fluids, which would guide the engineering design 
of S-CO2  seals, many researchers have conducted in-depth studies on S-CO2  seal systems. 
Yin et al. [16] investigated staggered labyrinth seals for S-CO2 , and demonstrated that the 
real gas effect can remarkably alter seal stiffness and damping coefficients, thereby deterio-
rating the dynamic stability of rotor systems. A series of subsequent studies by Xu et al. [17], 
Odabaee et al. [18], Zeng et al. [19] and Xiong et al. [20] further confirmed that the real gas 
effect of S-CO2  modifies the dynamic mechanical properties of seal gas films. And the real 
gas effect renders the entire system highly sensitive to local thermal operating conditions. 
In particular, Si et al. [21] pointed out that the nonlinear thermophysical properties in the 
vicinity of the critical point amplify the influences of the real gas effect on seal dynamic pa-
rameters. Consequently, S-CO2  presents distinct leakage characteristics and fluid excitation 
effects under variable operating conditions compared with conventional working fluids. 
Lu et al. [22] reported that operational fluctuations in the S-CO2  recompression cycle couple 
with the real gas effect, which significantly exacerbates shaft seal leakage and reduces the 
operational safety margin of power units. Bidkar et al. [23] observed pronounced viscous 
shear and windage heating phenomena of S-CO2  in hydrodynamic face seals. In research 
on spiral-groove dry gas seals, Yuan et al. [24] further concluded that the S-CO2  real gas 
effect changes the hydrodynamic pressure generation mechanism of face gas films, leading 
to an essential shift in the correlation between seal opening force and leakage rate.

Aiming at high-speed operating conditions, Zhang et al. [25,26] explored scallop 
damper seals and found that the nonlinear thermophysical properties of S-CO2  at high 
rotating speeds intensify gap vortex shedding and turbulent dissipation. Additionally, the 
flow-induced vibration of such seals is extremely sensitive to geometric dimensions. This 
rule is also valid for other seals. Numerical simulations by Zhu et al. [27] verified that the 
influence laws of geometric parameters on the leakage performance of stepped staggered 
labyrinth seals using real S-CO2  differ fundamentally from those of conventional fluids. 
Specifically, the regulation effects of structural modifications, including radial clearance and 
length-to-height ratio, on leakage are greatly amplified by the real gas effect. Li et al. [28] 
found that different from the linear variation in leakage for conventional fluids, the real 
gas effect of S-CO2  induces a nonlinear growth of leakage with changing structural pa-
rameters. Meanwhile, the overall seal stiffness increases, whereas the effective damping 
decreases obviously.

The above studies have laid a solid foundation for understanding the differences 
between S-CO2  seals and conventional fluid seals. However, most existing works only 
focus on leakage and rotordynamic performance under fixed operating conditions, and 

https://doi.org/10.3390/aerospace13111006

https://doi.org/10.3390/aerospace13111006


Aerospace 2026, 13, 1006 3 of 23

the variation in rotordynamic characteristics with whirl frequency is rarely addressed. In 
practice, S-CO2  turbomachinery generally operates at high rotating speeds, with a maximum 
rotational speed up to 20,000 r/min [29,30]. It means that S-CO2  Brayton cycle units face an 
extremely wide range of whirl frequencies during actual operation. Previous investigations 
on air, water vapor and other gaseous working fluids have fully proven that the rotordynamic 
coefficients of seals possess strong frequency dependence [31,32]. For S-CO2  seals, this 
frequency dependence becomes more complicated because the thermophysical properties 
vary strongly with pressure and temperature, which may alter not only the magnitude 
but also the frequency-dependent trends of the rotordynamic coefficients. As a result, 
frequency-dependent coefficients obtained under ideal gas assumptions may not be directly 
applicable to S-CO2  seals. Despite this, systematic research on the frequency-dependent 
rotordynamic coefficients and system stability of S-CO2  seals under wide-range whirl 
conditions is still insufficient.

To explore the actual performance and stable operation of S-CO2  seal systems over 
a broad frequency range, this study focuses on the frequency-dependent rotordynamic 
characteristics of labyrinth seals under wide-range whirl conditions and their influence 
on seal system stability. A three-dimensional CFD model is established for the seal by 
incorporating the NIST REFPROP database to account for real gas thermophysical effects. 
The classical perturbation theory and transient flow simulation are adopted to extract the 
rotordynamic coefficients over a wide frequency range of 20–260 Hz. The effects of inlet 
pressure, inlet temperature, rotational speed, blade number, and radial clearance are then 
analyzed, and a comparison between S-CO2  and air is conducted. By clarifying the role of 
real gas effects in the frequency-dependent rotordynamic coefficients, this work provides a 
reliable basis for the stability design and engineering optimization of S-CO2  labyrinth seals 
beyond air-based approximations.

2. Numerical Methods
2.1. Seal Configuration

In this paper, the numerical model is based on the labyrinth seal in author’s laboratory. 
Figure 1 gives the cross section of the labyrinth seal, which includes 10 blades with a radial 
clearance of 0.20 mm, seal length of 35.7 mm. In order to study the effect of the blade 
quantities and radial clearances on the seal dynamic characteristics, the labyrinth seal with 
four types of blades (4, 6, 8, 10 blades) and five clearances (0.16 mm, 0.20 mm, 0.24 mm, 
0.28 mm, 0.32 mm) are also employed in the numerical simulation. Table 1 gives the detailed 
dimensions.

 

Figure 1. Two-dimensional geometry model of the labyrinth seal.
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Table 1. Seal dimensions.

Parameter Value

Seal length l/mm 12.9, 20.5, 28.1, 35.7
Seal inner diameter d/mm 60
Radial clearance Cr /mm 0.16, 0.20, 0.24, 0.28, 0.32

Number of blades 4, 6, 8, 10
Cavity width w1 /mm 3.8
Cavity depth h/mm 3.5

Blade thickness t/mm 0.25
Blade space width w2 /mm 2.3

2.2. Identification Method for Rotordynamic Coefficients
A method for identifying seal dynamic characteristics based on infinitesimal perturba-

tion theory [33] is applied to solve the rotordynamic characteristics of arbitrary elliptical 
trajectories and eccentric positions under actual conditions.

Figure 2 presents a two-dimensional schematic of the rotordynamic model. The rotor is 
assumed to whirl along an elliptical orbit at an arbitrary eccentric position. In the system, O 
is the housing center, O1 

′  is the rotor center, O1  is the whirling center, and 𝜔 is the rotational 
speed of the rotor. The origins of the coordinate systems: (x, y) and (𝜂, 𝜉) are, respectively, 
O and O1 , rotating the coordinate system of (𝜂, 𝜉) counterclockwise by 𝜃. Then the e-axis 
and 𝛼-axis coincide with the major and minor axis of the elliptical orbit, and coordinate 
system (e, 𝛼) is established.

 

Figure 2. Rotordynamic model for annular seals.

For a rotor undergoing elliptical whirling at angular frequency 𝛺i  (i = 1, 2, 3, …, n), 
the orbit in the (x, y) coordinate system is expressed as:

{


𝑥 = 𝑎 ⋅ cos(𝛺𝑖𝑡) cos 𝜃 − 𝑏 ⋅ sin(𝛺𝑖𝑡) sin 𝜃 + 𝑥0
𝑦 = 𝑎 ⋅ cos(𝛺𝑖𝑡) sin 𝜃 + 𝑏 ⋅ sin(𝛺𝑖𝑡) cos 𝜃 + 𝑦0

(1)

where 𝜃 is the inclination angle of the elliptical orbit, ranging from 0 to 360 deg; a and b are 
the semi-major and semi-minor axes, respectively; and x0  and y0  are the coordinates of the 
orbit center in the (x, y) coordinate system.

In the (e, 𝛼) coordinate system, the elliptical orbit is expressed as:
{


𝑒 = 𝑎 ⋅ cos(𝛺𝑖𝑡)
𝛼 = 𝑏 ⋅ sin(𝛺𝑖𝑡)

(2)

The corresponding rotor whirling velocities are:
{


.𝑒 = −𝑎 ⋅ 𝛺𝑖 ⋅ sin(𝛺𝑖𝑡)
.𝛼 = 𝑏 ⋅ 𝛺𝑖 ⋅ cos(𝛺𝑖𝑡)

(3)
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The corresponding rotor whirling accelerations are:

{


..𝑒 = −𝑎 ⋅ 𝛺2
𝑖 ⋅ cos(𝛺𝑖𝑡)

..𝛼 = −𝑏 ⋅ 𝛺2
𝑖 ⋅ sin(𝛺𝑖𝑡)

(4)

A coordinate system is established with its origin at O1 . For a small whirling orbit of 
the rotor, when we consider the mass inertia force, the dynamic model can be simplified 
as following:

−
{


Δ𝐹𝑒
Δ𝐹𝛼

}


= [


𝐾ee 𝐾e𝛼
𝐾αe 𝐾𝛼𝛼

]


{


𝑒
𝛼

}


+ [


𝐶ee 𝐶e𝛼
𝐶αe 𝐶𝛼𝛼

]


{


.𝑒

.𝛼
}


+ [


𝑀ee 𝑀e𝛼
𝑀αe 𝑀𝛼𝛼

]


{


..𝑒

..𝛼
}


(5)

−
{


Δ𝐹𝑒
Δ𝐹𝛼

}


= [


𝐾ee − 𝛺2𝑀ee 𝐾e𝛼 − 𝛺2𝑀e𝛼
𝐾αe − 𝛺2𝑀αe 𝐾𝛼𝛼 − 𝛺2𝑀𝛼𝛼

]


{


𝑒
𝛼

}


+ [


𝐶ee 𝐶e𝛼
𝐶αe 𝐶𝛼𝛼

]


{


.𝑒

.𝛼
}


(6)

where Δ𝐹𝑒 = 𝐹𝑒 − 𝐹𝑒0
, Δ𝐹𝛼 = 𝐹𝛼 − 𝐹𝛼0

. (e, 𝛼), ( .𝑒, .𝛼) and (..𝑒, ..𝛼) are rotor displacements, 
velocities and acceleration in the e and 𝛼 directions, respectively. (Fe ,F𝛼 ) and (𝐹𝑒0

, 𝐹𝛼0
) are 

the seal reaction forces in dynamic and static position. (Kee , Ke𝛼 , K𝛼e , K𝛼𝛼 ), (Cee , Ce𝛼 , C𝛼e , 
C𝛼𝛼 ), (Mee , Me𝛼 , M𝛼e , M𝛼𝛼 ) are the stiffness, damping and mass inertia coefficients.

Substituting Equations (2) and (3) into Equation (6) yields:

{


−Δ𝐹𝑒 = 𝑎 ⋅ (𝐾ee − 𝛺2𝑀ee) cos(Ωt) + 𝑏 ⋅ (𝐾e𝛼 − 𝛺2𝑀e𝛼) sin(Ωt)
−𝑎 ⋅ 𝐶ee𝛺 sin(Ωt) + 𝑏 ⋅ 𝐶e𝛼𝛺 cos(Ωt)

−Δ𝐹𝛼 = 𝑎 ⋅ (𝐾αe − 𝛺2𝑀αe) cos(Ωt) + 𝑏 ⋅ (𝐾𝛼𝛼 − 𝛺2𝑀𝛼𝛼) sin(Ωt)
−𝑎 ⋅ 𝐶αe𝛺 sin(Ωt) + 𝑏 ⋅ 𝐶𝛼𝛼𝛺 cos(Ωt)

(7)

The fluid forces acting on the rotor at each whirl angular frequency 𝛺i  (i = 1, 2, 3, …, 
n) are obtained from transient simulations. Figure 3 shows the variation in the seal reaction 
force with whirling frequencies.

Figure 3. Variation in flow-induced force difference with whirling frequency.

Substituting the forces acting on the rotor within the seal, Δ𝐹𝑒|𝑡=0,𝛺=𝛺𝑖
 at 𝛺i  and 

Δ𝐹𝑒|𝑡=0,𝛺=𝛺𝑖+Δ𝛺 at 𝛺i +Δ𝛺, into Equation (7) yields:

Δ𝐹𝑒|𝑡=0,𝛺=𝛺𝑖
= −𝑎 ⋅ (𝐾ee − 𝛺2

𝑖 𝑀ee) − 𝑏 ⋅ 𝐶e𝛼𝛺𝑖 (8)

Δ𝐹𝑒|𝑡=0,𝛺=𝛺𝑖+Δ𝛺 = −𝑎 ⋅ [𝐾ee − (𝛺𝑖 + Δ𝛺)2𝑀ee] − 𝑏 ⋅ 𝐶e𝛼(𝛺𝑖 + Δ𝛺) (9)

Taking the limit as Δ𝛺 → 0 yields:

lim
Δ𝛺→0

Δ𝐹𝑒|𝑡=0,𝛺=𝛺𝑖+Δ𝛺 − Δ𝐹𝑒|𝑡=0,𝛺=𝛺𝑖

Δ𝛺 = −𝑏 ⋅ 𝐶e𝛼 (10)
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Thus, the tangent slope at any point on the curve is −bCe𝛼  from which the cross-coupled 
damping coefficient Ce𝛼  at the corresponding whirl angular frequency is obtained. The tan-
gent intercept on the ordinate is the constant term −a ⋅ (Kee − 𝛺2 Mee ) in Equation (8), from 
which the combined stiffness–inertia term Kee − 𝛺2 Mee  is determined. Similarly, the rotordy-
namic coefficients at different whirl angular frequencies can be obtained by evaluating the 
fluid forces at t = 0 and t = T/4 where T is the whirling period. For any whirling frequency 
𝛺i , when Δ𝛺 → 0, the rotordynamic coefficients, Kee − 𝛺2 Mee , Ke𝛼 − 𝛺2 Me𝛼 , K𝛼e − 𝛺2 M𝛼e , 
K𝛼𝛼 − 𝛺2 M𝛼𝛼 , Cee , Ce𝛼 , C𝛼e , C𝛼𝛼  remain unchanged.

The identified coefficients are transformed from the (e, 𝛼) coordinate system to the 
(𝜂, 𝜉) directions through the angle 𝜃 shown in Figure 2. Since the (𝜂, 𝜉) are parallel to the 
corresponding fixed (x, y) and differ only in origin, no further rotation is required. The 
stiffness and damping coefficients in the coordinate system of (x, y) is therefore stated as: 

[


𝐾yy − 𝛺2𝑀yy 𝐾yx − 𝛺2𝑀yx
𝐾xy − 𝛺2𝑀xy 𝐾xx − 𝛺2𝑀xx

]


= [


sin 𝜃 cos 𝜃
cos 𝜃 − sin 𝜃

]


[


𝐾ee − 𝛺2𝑀ee 𝐾e𝛼 − 𝛺2𝑀e𝛼
𝐾αe − 𝛺2𝑀αe 𝐾𝛼𝛼 − 𝛺2𝑀𝛼𝛼

]


[


sin 𝜃 cos 𝜃
cos 𝜃 − sin 𝜃

]


(11)

[


𝐶yy 𝐶yx
𝐶xy 𝐶xx

]


= [


sin 𝜃 cos 𝜃
cos 𝜃 − sin 𝜃

]


[


𝐶ee 𝐶e𝛼
𝐶αe 𝐶𝛼𝛼

]


[


sin 𝜃 cos 𝜃
cos 𝜃 − sin 𝜃

]


(12)

The direct complex stiffness coefficient HR , the average direct damping coefficient Cavg , 
the cross-coupled complex stiffness coefficient hR  and the effective damping coefficient Ceff 
are main factors to measure the rotordynamic performance of system [34]. Among them, 
HR , hR , Cavg , and Ceff  are defined as:

{


𝐻𝑅 = [(𝐾xx − 𝛺2𝑀xx) + (𝐾yy − 𝛺2𝑀yy)]/2
ℎ𝑅 = 𝐾xy − 𝛺2𝑀xy
𝐶avg = (𝐶xx + 𝐶yy)/2
𝐶eff = 𝐶avg − ℎ𝑅/Ω

(13)

where Cxx  and Cyy  are the direct damping coefficients in the x and y directions, Kxy  is the 
cross-coupled stiffness coefficient, Kxx , Kyy  are the direct stiffness coefficient. Mxx , Myy , Mxy , 
are the direct and cross-coupled inertial coefficients.

In summary, the identification procedure involves three main steps: (1) transient CFD 
simulations under small-amplitude circular whirling excitations are performed to extract the 
transient fluid forces; (2) the variation curve of the fluid force difference between t = 0 and 
t = T/4 with respect to whirling frequency is constructed; and (3) by utilizing the tangent 
slope and intercept methods, the combined stiffness-inertia terms and damping terms are 
obtained, which are then transformed via coordinate transformations (Equations (11)–(13)) 
to yield the final stiffness and damping coefficients.

2.3. Computational Model
The present simulations were performed by solving the compressible RANS equations 

using a commercial CFD solver, ANSYS CFX (2026 R1). The numerical settings used in this 
study are summarized in Table 2. To accurately account for the real gas thermophysical 
properties of S-CO2 , an S-CO2 .rgp property file was generated from the NIST REFPROP 
database based on the Span–Wagner equation of state [35], and imported into the CFD 
solver. The compressibility factor is Z = P/𝜌RT, where P is local pressure, 𝜌 is density, T 
is absolute temperature, and R is the gas constant. Selected thermophysical properties 
are listed in Table 3. As shown in the table, under isothermal conditions (318.15 K), a 
5.2% increase in pressure leads to a 12.3% increase in density. Under isobaric conditions 
(8.1 MPa), a 25.2% increase in temperature leads to a 49.0% decrease in density. These 
quantitative comparisons confirm that the strong nonlinear property variations necessitate 
real gas modeling to ensure thermodynamic validity.
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Table 2. Calculation conditions.

Parameter Value

Fluid S-CO2 , Air (ideal gas)
Wall properties Adiabatic, smooth surface

Temperature T/K 318.15, 358.15, 398.15
Time step/s 1/(1000 × 𝛺i ) (i = 1, 2, 3, …, n)

Whirling frequency Ωi /Hz 20, 40, …, 240, 260
Supply pressure Pin /MPa 7.7, 7.9, 8.1

Discharge pressure Pout /MPa 7.5
Rotational speed 𝜔/rpm 10,000, 15,000, 20,000

Whirling orbit Circle orbit
Vibration amplitude 6%Cr , 10%Cr 

Eccentricity ratio 0

Table 3. Physical properties of S-CO2 .

Temperature 
(K)

Pressure
(MPa)

Density 
(kg/m3 )

Enthalpy
(kJ/kg)

Entropy 
[kJ/(kg·K)]

Viscosity 
(𝛍Pa·s)

Compressibility 
Factor

318.15 7.7 221.16 429.53 1.7461 20.311 0.579
318.15 7.9 234.11 424.82 1.7286 20.788 0.561
318.15 8.1 248.34 419.76 1.7100 21.341 0.543
358.15 8.1 157.43 498.16 1.9439 20.201 0.760
398.15 8.1 126.74 551.25 2.0847 21.279 0.850

The standard k-𝜀 model was adopted for turbulence closure, with an inlet turbulence 
intensity of 5% [36]. The rotor and stator walls were treated as adiabatic, smooth and 
no-slip boundaries. Total pressure and total temperature were prescribed at the inlet, 
while the average static pressure was specified at the outlet. The rotor whirling orbit was 
imposed using CFX expression language (CEL). A structured mesh was employed in the 
computational domain. Local mesh refinement was applied near the seal blades tips, where 
steep velocity and pressure gradients are expected. The scalable wall function was used to 
bridge the near-wall region and the turbulent core flow, with the near-wall mesh resolution 
satisfying 30 < y+ < 80 throughout the domain [37,38]. A mesh independence test was 
conducted, and the final mesh contained approximately 1.57 × 106  elements for the 4-blade 
seal. The grid distribution of the 10-blade seal is shown in Figure 4.

 

Figure 4. Grid distribution.

To verify the calculation accuracy and reliability of the present numerical method, 
a numerical simulation is carried out based on the experimental labyrinth seal model 
working with S-CO2  [39]. As shown in Figure 5, the inlet pressure is set at 10 MPa, and 
the temperature is 318.15 K. The leakage flowrates of 13 different pressure ratios (0.3–0.9) 
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were calculated and compared with the experimental results. As shown in Figure 6, the 
calculation error is less than 8%. The current numerical method can accurately predict the 
leakage performance of the S-CO2  labyrinth seal.

 

Figure 5. The experimental see-through labyrinth seal [39].

 

Figure 6. Experiment and CFD results of the leakage flowrate vs. pressure ratio for S-CO2 .

To assess the accuracy of the CFD method in predicting seal rotordynamic charac-
teristics, the rotordynamic coefficients of the seal investigated in Ref. [40] were identified. 
Figures 7–10 compare the predicted direct stiffness, cross-coupled stiffness, direct damping, 
and effective damping coefficients, respectively, with the experimental data reported in 
Ref. [40]. The predicted coefficients agree well with the experimental data in both trend 
and magnitude. Specifically, the direct stiffness matches the experimental trend well and 
shows high consistency at high frequencies. For the effective damping coefficient, a key 
parameter for seal stability, the relative error is less than 20% at the running frequency 
and half-frequency, where fluid-induced excitation typically occurs. This demonstrates the 
accuracy and reliability of the CFD method for identifying seal rotordynamic coefficients, 
and this method is therefore adopted for the subsequent rotordynamic analysis.

 

Figure 7. Direct complex stiffness coefficient vs. whirling frequency.
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Figure 8. Cross-coupled complex stiffness coefficient vs. whirling frequency.

 

Figure 9. Average direct damping coefficient vs. whirling frequency.

 

Figure 10. Effective damping coefficient vs. whirling frequency.

3. Results and Discussion
The rotordynamic behavior of the labyrinth seal is evaluated using the direct com-

plex stiffness coefficient HR , cross-coupled complex stiffness coefficient hR , average direct 
damping coefficient Cavg , and effective damping coefficient Ceff . Among these parameters, 
Ceff  is an important indicator of the stabilizing contribution of seal fluid forces because it 
combines the contribution of direct damping and cross-coupled stiffness. According to 
the definition Ceff  = Cavg − hR /Ω, the variation in Ceff  depends not only on the magnitude 
of Cavg , but also on the sign and magnitude of hR  and the whirling frequency. Therefore, 
the strong frequency dependence of Ceff  at low whirling frequencies is mainly caused by 
the term hR /Ω. As the whirling frequency increases, the contribution of hR /Ω becomes 
weaker, and Ceff  gradually approaches the level controlled by Cavg . For the circular whirling 
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considered in this study, a positive Ceff  indicates that the combined effect of direct damping 
and cross-coupled dynamic stiffness opposes rotor whirling. At the same whirling direction 
and frequency, a larger positive Ceff  therefore indicates a stronger equivalent damping effect, 
contributing favorably to rotordynamic stability. Understanding its variation is important 
for seal design aimed at enhancing stability. These relationships provide the physical basis 
for understanding the following parametric results.

3.1. Working Conditions Analysis on the Dynamic Force Coefficients for S-CO2  Seals
3.1.1. Inlet Pressures Pin 

For S-CO2  working dominated by strong real gas effects, variations in inlet pressure 
significantly affect density, pressure gradient, and momentum of leakage flow, thereby 
altering the fluid forces acting on the rotor surface within the seal and ultimately affecting 
the seal rotordynamic characteristics. Figures 11–14 present the identified rotordynamic 
coefficients of the seal at three inlet pressures of 7.7 MPa, 7.9 MPa, and 8.1 MPa.

 

Figure 11. Direct complex stiffness coefficient vs. whirling frequency under different Pin .

 

Figure 12. Cross-coupled complex stiffness coefficient vs. whirling frequency under different Pin .

Figure 11 shows that the direct complex stiffness coefficient HR  is highly dependent 
on whirling frequency. In the low-frequency range, inlet pressure has a significant ef-
fect on HR . For example, at approximately 20 Hz, HR  changes from a slightly negative 
value at Pin  = 7.7 MPa to about 60–70 kN/m at Pin  = 8.1 MPa. However, with increasing 
whirling frequency, all curves decrease rapidly and become negative. At 260 Hz, HR  reaches 
approximately −570 to −600 kN/m for the three inlet pressures. This indicates that the 
inertial component included in the complex stiffness becomes dominant at high whirling 
frequencies, while the pressure-related stiffness contribution is more significant in the low-
frequency range. Figure 12 shows that hR  remains negative over the whole frequency range. 

https://doi.org/10.3390/aerospace13111006

https://doi.org/10.3390/aerospace13111006


Aerospace 2026, 13, 1006 11 of 23

The magnitude of hR  increases with inlet pressure. At 20 Hz, hR  is approximately −45 kN/m 
at 7.7 MPa and decreases to about −90 kN/m at 8.1 MPa. At 260 Hz, the corresponding 
values are approximately −53 kN/m and −113 kN/m. This means that increasing inlet 
pressure strengthens the circumferential pressure perturbation and the fluid-induced cross-
coupled force. Physically, a higher inlet pressure increases the density and the pressure 
gradient across each blade, leading to stronger jet acceleration, cavity recirculation, and 
pressure redistribution around the rotor.

 

Figure 13. Average direct damping coefficient vs. whirling frequency under different Pin .

 

Figure 14. Effective damping coefficient vs. whirling frequency under different Pin .

The average direct damping coefficient Cavg  also increases with inlet pressure, as 
shown in Figure 13. At high whirling frequencies, Cavg  increases from about 84 N·s/m 
at 7.7 MPa to nearly 116~118 N·s/m at 8.1 MPa. This increase is associated with stronger 
momentum exchange and higher energy dissipation in the seal cavities. Since supercritical 
CO2  has a relatively high density, the pressure fluctuation induced by rotor whirling can 
produce a stronger damping force under higher-pressure conditions. Figure 14 further 
confirms that the effective damping coefficient Ceff  increases with inlet pressure. At 20 Hz, 
Ceff  rises from approximately 430 N·s/m at 7.7 MPa to about 800 N·s/m at 8.1 MPa. At 
260 Hz, the difference becomes smaller, but still increases from about 120 N·s/m to nearly 
190 N·s/m. The sharp decrease in Ceff  with frequency is mainly caused by the reduction in 
the hR /Ω contribution.

Therefore, the stabilizing effect of inlet pressure is most evident in the low-frequency 
whirling region. As the whirling frequency increases, the curves for different pressures 
gradually converge. This frequency-dependent feature is attributed to the real gas effect, 
which makes density and pressure perturbation highly sensitive to inlet pressure. From the 
viewpoint of the seal’s rotordynamic stability, increasing inlet pressure enhances the effective 
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damping capacity of the S-CO2  labyrinth seal, although it also increases the magnitude of 
the cross-coupled stiffness.

3.1.2. Inlet Temperature T
Inlet temperature affects the unsteady pressure response and fluid dissipation character-

istics within the seal by altering the density, compressibility, and thermophysical properties 
of S-CO2 , thereby changing the seal rotordynamic characteristics. Figures 15–18 present 
the identified rotordynamic coefficients of the seal at three inlet temperatures: 318.15 K, 
358.15 K, and 398.15 K. Figures 15 and 16 show that inlet temperature has a strong influence 
on both HR  and hR . As the inlet temperature increases from 318.15 K to 398.15 K, the magni-
tude of HR  decreases significantly. At 260 Hz, HR  is about −600 kN/m at 318.15 K, whereas 
it is only about −250 kN/m at 398.15 K. A similar trend is observed for hR . At 260 Hz, hR 
changes from approximately −113 kN/m at 318.15 K to about −73 kN/m at 398.15 K. This 
indicates that lower inlet temperature intensifies the fluid-induced dynamic force. The 
mechanism is closely related to the real gas properties of supercritical CO2 . When the 
inlet temperature decreases, especially near the critical region, the density of CO2  increases 
and the thermophysical properties become more sensitive to pressure and temperature 
variations. Under the same pressure boundary condition, a lower temperature produces a 
denser working fluid in the seal clearance and cavities. As a result, rotor whirling induces 
larger pressure perturbations and stronger unsteady fluid forces. In contrast, increasing 
temperature weakens the density-related pressure response, resulting in smaller stiffness 
and cross-coupled force coefficients.

 

Figure 15. Direct complex stiffness coefficient vs. whirling frequency under different T.

 

Figure 16. Cross-coupled complex stiffness coefficient vs. whirling frequency under different T.
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Figure 17. Average direct damping coefficient vs. whirling frequency under different T.

 

Figure 18. Effective damping coefficient vs. whirling frequency under different T.

To further examine the damping characteristics, Figures 17 and 18 show that both 
Cavg  and Ceff  decrease with increasing inlet temperature. At 260 Hz, Cavg  decreases from 
about 118 N·s/m at 318.15 K to about 74 N·s/m at 398.15 K. The effective damping coeffi-
cient shows the same trend. At 20 Hz, Ceff  decreases from nearly 800 N·s/m at 318.15 K 
to about 560 N·s/m at 398.15 K. At 260 Hz, it decreases from about 185 N·s/m to approx-
imately 125 N·s/m. Therefore, a lower inlet temperature improves the damping capacity 
and stability of the seal.

This result suggests that the rotordynamic performance of S-CO2  seals is highly sensi-
tive to the thermodynamic state of the working fluid. Compared with ideal-gas seals, the 
rotordynamic coefficients of S-CO2  seals are not determined only by pressure ratio and ge-
ometry, but also by the real gas-induced variation in density and compressibility. Therefore, 
accurate real gas property modeling is necessary when evaluating S-CO2 seal stability.

3.1.3. Rotational Speeds 𝜔
Rotational speed is a key parameter influencing the circumferential flow within the 

seal. By altering the swirl intensity and the non-uniform pressure distribution in the seal 
cavities, it modulates the competition between the cross-coupled fluid force and the direct 
damping. Figures 19–22 present the variations in rotordynamic coefficients with whirling 
frequency for three rotational speeds of 10,000, 15,000, and 20,000 rpm. Figures 19 and 20 
show the influence of rotational speed on HR  and hR . As the rotor speed increases from 
10,000 rpm to 20,000 rpm, the magnitude of both coefficients increases. For example, at 
260 Hz, HR  decreases from approximately −570 kN/m to about −620 kN/m. The change in 
hR  is more obvious. At 260 Hz, hR  decreases from about −70 kN/m at 10,000 rpm to nearly 
−160 kN/m at 20,000 rpm. The variation amplitude is considerably larger than that of the 
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former. This comparison indicates that rotational speed primarily governs the cross-coupled 
complex stiffness, while its influence on the direct complex stiffness is relatively limited.

 

Figure 19. Direct complex stiffness coefficient vs. whirling frequency under different 𝜔.

 

Figure 20. Cross-coupled complex stiffness coefficient vs. whirling frequency under different 𝜔.

 

Figure 21. Average direct damping coefficient vs. whirling frequency under different 𝜔.

To further inspect the damping characteristics, Figure 21 shows that Cavg  is only slightly 
affected by rotational speed, especially at high whirling frequencies. In contrast, Figure 22 
shows that Ceff  increases significantly with rotational speed. At 20 Hz, Ceff  increases from 
about 540 N·s/m at 10,000 rpm to more than 1000 N·s/m at 20,000 rpm. At 260 Hz, it 
increases from about 165 N·s/m to about 220 N·s/m. The difference between Cavg  and Ceff 
indicates that the increase in effective damping is mainly caused by the variation in the 
hR /Ω term, rather than by direct damping alone.
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Figure 22. Effective damping coefficient vs. whirling frequency under different 𝜔.

Therefore, under the present sign convention, the negative hR  contributes positively 
to Ceff . Increasing rotational speed strengthens the magnitude of hR , and this contribution 
is especially pronounced at low whirling frequencies. However, it should also be noted 
that a stronger cross-coupled force may not always be beneficial in other sign conventions 
or operating conditions. Thus, the stability assessment should be based on the combined 
effective damping coefficient rather than on a single dynamic coefficient.

3.2. Geometries Analysis on the Dynamic Force Coefficients for S-CO2  Seals
3.2.1. Blade Quantities

The number of blades is an important geometric parameter that determines the com-
plexity of the leakage path. By changing the number of throttling stages and cavities, it 
affects the fluid pressure distribution, energy dissipation process, and unsteady fluid force 
response, thereby modulating the frequency-dependent response of the rotordynamic coeffi-
cients. Figures 23–26 present the identified rotordynamic coefficients of the seal for different 
numbers of blades. Figures 23 and 24 show that increasing the number of blades signifi-
cantly changes the stiffness-related coefficients. At 260 Hz, HR  is only about −60 kN/m for 
the 4-blade seal, whereas it decreases to approximately −520 kN/m for the 10-blade seal. 
The magnitude of hR  also increases with blade number. At 260 Hz, hR  changes from about 
−20 kN/m for 4 blades to nearly −78 kN/m for 10 blades. This indicates that adding more 
blades strengthens the pressure perturbation and the dynamic force response of the seal.

 

Figure 23. Direct complex stiffness coefficient vs. whirling frequency under different quantities.
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Figure 24. Cross-coupled complex stiffness coefficient vs. whirling frequency under different quantities.

 

Figure 25. Average direct damping coefficient vs. whirling frequency under different quantities.

 

Figure 26. Effective damping coefficient vs. whirling frequency under different quantities.

As shown in Figure 25, Cavg  increases with blade number, especially at low and medium 
whirling frequencies. At 20 Hz, Cavg  increases from about 15 N·s/m for 4 blades to about 
78 N·s/m for 10 blades. At high frequencies, the differences become smaller because the 
damping coefficient gradually approaches a saturated level. Figure 26 shows that Ceff 
also increases with blade number. At 20 Hz, Ceff  increases from about 175 N·s/m for 
4 blades to more than 600 N·s/m for 10 blades. At 260 Hz, the difference is reduced, but 
the 10-blade seal still shows the highest effective damping. The leakage flow experiences 
repeated acceleration through the blade clearance and expansion in the cavity. This repeated 
throttling–expansion process enhances jet breakup, vortex formation, and turbulent mixing. 
Consequently, more kinetic energy is dissipated in the cavities, and the pressure drop is 
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distributed over more sealing stages. This improves the damping-related performance of 
the seal.

These results indicate that increasing blade quantity is beneficial for improving seal 
stability, especially in the low-frequency whirling region. However, the improvement is not 
linear over the entire frequency range. When the blade number becomes large, additional 
blades mainly increase the flow resistance and cavity dissipation, while the marginal increase 
in Ceff  becomes smaller at high frequencies. Therefore, blade number should be optimized 
by considering both leakage reduction and damping enhancement.

3.2.2. Sealing Clearances
The sealing clearance is an important geometric parameter that affects the leakage flow 

state and fluid dynamic response. Its variation not only changes the throttling capacity of the 
seal but also influences the pressure gradient near the blade tip, cavity momentum exchange, 
and unsteady fluid force distribution, thereby altering the stability control mechanism over 
different frequency ranges. Figures 27–30 present the identified rotordynamic coefficients 
of the seal for different sealing clearances. Figures 27 and 28 show that the magnitudes of 
HR  and hR  decrease as the sealing clearance increases. At 260 Hz, HR  changes from about 
−550 kN/m for the 0.16 mm clearance to about −420 kN/m for the 0.32 mm clearance. 
Similarly, hR  changes from approximately −88 kN/m to about −53 kN/m. This means that 
a smaller clearance produces stronger pressure and cross-coupled force. The reason is that 
reducing the clearance increases the flow restriction and strengthens the local pressure 
gradient near the blade tip. The rotor whirling motion then causes larger circumferential 
pressure differences, leading to larger stiffness.

 

Figure 27. Direct complex stiffness coefficient vs. whirling frequency under different sealing clearances.

 

Figure 28. Cross-coupled complex stiffness coefficient vs. whirling frequency under different sealing 
clearances.

https://doi.org/10.3390/aerospace13111006

https://doi.org/10.3390/aerospace13111006


Aerospace 2026, 13, 1006 18 of 23

 

Figure 29. Average direct damping coefficient vs. whirling frequency under different sealing clearances.

 

Figure 30. Effective damping coefficient vs. whirling frequency under different sealing clearances.

However, the damping coefficients show a more complicated trend. Figure 29 indicates 
that increasing clearance can increase Cavg . At high whirling frequencies, Cavg  increases 
from about 114 N·s/m for 0.16 mm to about 176 N·s/m for 0.32 mm. Figure 30 shows that 
the effect of clearance on Ceff  depends strongly on whirling frequency. At low whirling 
frequencies, smaller clearance gives a much higher Ceff . At 20 Hz, Ceff  is about 730 N·s/m for 
0.16 mm, while it is about 430 N·s/m for 0.32 mm. This is because the hR /Ω term dominates 
Ceff  at low frequencies, and the smaller clearance produces a larger magnitude of hR . As the 
whirling frequency increases, the influence of hR /Ω becomes weaker, and Ceff  is increasingly 
controlled by Cavg . Therefore, at high frequencies above about 80 Hz, larger clearance leads 
to slightly higher Ceff . At 260 Hz, Ceff  is approximately 170 N·s/m for 0.16 mm and about 
210 N·s/m for 0.32 mm.

These results show that clearance optimization should consider the operating whirling-
frequency range. For low-frequency rotor whirling, a smaller clearance is favorable for 
improving effective damping. For high-frequency whirl, a slightly larger clearance may 
provide higher direct damping. Therefore, the clearance effect cannot be judged only by 
leakage performance; it should be evaluated together with rotordynamic stability of the seal.

3.3. Different Working Fluids Analysis on the Dynamic Force Coefficients
Since the thermophysical properties of the working fluid directly govern fluid inertia, 

compressibility, and energy dissipation capacity, variations in the working fluid fundamen-
tally alter the fluid dynamic response characteristics of the seal. This section compares S-CO2 
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and air as two distinct engineering working fluids. Figures 31–34 present the identified 
rotordynamic coefficients of the seal for air and S-CO2 .

 

Figure 31. Direct complex stiffness coefficient vs. whirling frequency under different fluids.

 

Figure 32. Cross-coupled complex stiffness coefficient vs. whirling frequency under different fluids.

 

Figure 33. Average direct damping coefficient vs. whirling frequency under different fluids.
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Figure 34. Effective damping coefficient vs. whirling frequency under different fluids.

Figures 31 and 32 compare the dynamic stiffness coefficients of the labyrinth seal with 
S-CO2  and air. The HR  of the S-CO2  seal shows a much stronger frequency dependence than 
that of the air seal. At 260 Hz, HR  reaches approximately −520 kN/m for S-CO2 , whereas it 
is only about −115 kN/m for air. The magnitude of hR  is also higher for S-CO2 . At 260 Hz, 
hR  is about −78 kN/m for S-CO2  and about −36 kN/m for air. This difference is mainly 
attributed to the much higher density of S-CO2  than that of air, which allows the same rotor 
whirl to induce larger pressure perturbations and stronger fluid inertia effects within the 
seal clearance and cavities. In addition, the real gas compressibility of S-CO2  causes stronger 
coupling between pressure, density, and temperature, making the dynamic response of 
the seal more sensitive to operating conditions. Figures 33 and 34 show that the damping 
coefficients of the S-CO2  seal are also higher than those of the air seal. At 260 Hz, Cavg  is 
about 136 N·s/m for S-CO2  and about 72 N·s/m for air. The effective damping coefficient 
of the S-CO2  seal is about 167~202% of that of the air seal over the investigated frequency 
range. At 20 Hz, Ceff  is approximately 630 N·s/m for S-CO2  and about 350 N·s/m for air. At 
260 Hz, Ceff  remains about 185 N·s/m for S-CO2 , while it is about 95 N·s/m for air.

These results demonstrate that the S-CO2  labyrinth seal has stronger rotordynamic 
force coefficients than the air seal. More importantly, the increase in direct and effective 
damping is larger than the destabilizing contribution associated with cross-coupled stiffness 
under the present operating conditions. Therefore, the S-CO2  seal exhibits better stability 
for the seal segment than the air seal. However, the stronger stiffness and cross-coupled 
force also imply that the real gas effect should not be neglected in rotordynamic design. 
Using air-based or air (ideal-gas) assumptions would underestimate both the damping 
capacity and the fluid-induced force level of S-CO2  labyrinth seals. This combined effect 
on the seal’s rotordynamic performance, arising from the real gas equation of state and 
inherent molecular property differences, provides comprehensive engineering guidance for 
actual S-CO2  turbomachinery design.

4. Conclusions
This study presents a comprehensive investigation of the rotordynamic performance of 

the labyrinth seal working with supercritical carbon dioxide (S-CO2 ). A computational fluid 
dynamics method is employed to establish a full three-dimensional numerical model for 
the labyrinth seal. An identification method based on the infinitesimal theory is applied to 
obtain the dynamic force coefficients. The CFD model predicts the dynamic force coefficients 
for the seals operating under various inlet pressures, temperatures, rotational speeds, 
blade quantities, and sealing clearances conditions. Several conclusions are summarized 
as follows.
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(1) The direct complex stiffness coefficient of the labyrinth seal working with S-CO2  has a 
strong frequency dependency, while the cross-coupled complex stiffness coefficient 
and average direct damping coefficient have relatively small frequency dependence.

(2) The effective damping coefficient of the labyrinth seal working with S-CO2  increases 
with the increasing inlet pressure, rotational speed and blade quantities, and decreases 
as the inlet temperature increases. The effective damping coefficient has a strong 
frequency dependence at low whirling frequencies (less than ~80 Hz) and increases 
slightly with the decreasing sealing clearance. At high whirling frequencies (above 
~80 Hz), the effective damping coefficient increases with the increasing sealing clear-
ance. This frequency-dependent behavior is closely related to the real gas properties 
of S-CO2 .

(3) The effective damping coefficient of the labyrinth seal working with S-CO2  is about 
167~202% of that with air. The frequency dependence of HR  for S-CO2  is much stronger 
than that for air, especially in the high-frequency region. This improvement is mainly 
attributed to the high density, real gas compressibility of S-CO2 , which enhance pres-
sure perturbation, momentum exchange, and cavity dissipation during rotor whirling. 
Therefore, the real gas effect should be included in the rotordynamic design and 
stability evaluation of S-CO2  turbomachinery seals.

Overall, this study investigates the frequency-dependent rotordynamic characteristics 
of S-CO2  labyrinth seals over a broad range and clarifies the differences compared to air 
(ideal gas) models under identical conditions. The coefficients identified herein provide a 
reliable foundation for future work to incorporate bearing characteristics and rotor dynamics 
into evaluations of the complete S-CO2  rotor–bearing–seal system.
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