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Nomenclature  

K - Direct stiffness, N/m; k - Cross coupling stiff-

ness, N/m; m - Cross coupling virtual-mass, kg; M - Direct 

virtual-mass, kg; C - Direct damping, Ns/m; c - Cross cou-

pling damping, Ns/m; Keff - Effective stiffness, N/m;  

Ceff - Effective damping, Ns/m; Fr - Response force in radial 

direction, N; Ft - Response force in tangential direction, N; 

n - Rotor speed, r/min. 

1. Introduction 

As a core fluid machinery widely used in strategic 

industries such as nuclear energy, petrochemical engineer-

ing, and marine engineering, gas-liquid two-phase pumps 

undertake the critical task of transporting multiphase media 

with complex components and variable physical properties 

[1-3]. Especially in the fourth-generation sodium-cooled 

fast reactor (SFR) system, the primary and secondary circuit 

sodium pumps, as the "power core" of the coolant circula-

tion system, are prone to gas entrainment in the working me-

dium during actual operation, forming a gas-liquid two-

phase flow state [4,5]. As a key component of gas-liquid 

two-phase pumps, labyrinth seals directly dominate leakage 

control, energy efficiency, and rotordynamic stability under 

extreme conditions of high temperature, high speed, and 

high pressure. Their performance reliability is not only re-

lated to the safe and efficient operation of the pump itself 

but also becomes a core technical bottleneck restricting the 

industrialization of advanced energy equipment such as so-

dium-cooled fast reactors [6,7].  

The unique thermophysical properties of gas-liquid 

two-phase media, combined with the complex flow behav-

ior in the seal clearance, make the rotordynamic character-

istics of labyrinth seals more complex than those under sin-

gle-phase conditions. Unlike traditional single-phase liquid 

seals (e.g., pure water and lubricating oil seals), the interac-

tion between gas and liquid phases in the seal clearance 

leads to nonlinear changes in flow field distribution, pres-

sure pulsation, and viscous shear effect [8-10]. At present, 

existing research in the field of gas-liquid two-phase pumps 

mainly focuses on hydraulic performance optimization and 

cavitation characteristics, while systematic studies on the 

rotordynamic behavior of labyrinth seals under the coupling 

effect of pressure drop, rotor speed, and gas volume fraction 

(GVF) are still scarce [2,11]. This research gap severely re-

stricts the accurate prediction and optimal design of gas-liq-

uid two-phase pump seal systems. 

In the field of seal rotordynamic characteristic 

analysis, numerical simulation has gradually replaced ex-

perimental methods as the mainstream technical means due 

to its strong controllability and high cost-effectiveness [2]. 

The bulk-flow model was once widely used to calculate the 

rotordynamic coefficients of liquid annular seals, but its cal-

culation accuracy in complex gas-liquid two-phase systems 

and extreme operating conditions is insufficient due to the 

limitations of simplified assumptions about flow field dis-

tribution [12]. With the development of computational fluid 

dynamics (CFD) technology, the transient CFD method 

based on dynamic mesh technology and multi-frequency ro-

tor whirling model has become a cutting-edge tool for high-

precision simulation [13-15]. This method can accurately 

capture the transient flow field evolution caused by rotor 

whirling and rotation, reliably extract frequency-dependent 

rotordynamic coefficients, and provide an ideal technical 

route for solving the rotordynamic analysis of gas-liquid 

two-phase labyrinth seals. However, the application of this 

method in labyrinth seals of gas-liquid two-phase pumps 

still needs further improvement. 

To fill the aforementioned research gaps and lay a 

theoretical foundation for the optimal design of the sealing 

system of gas-liquid two-phase pumps, this study takes the 

water-air gas-liquid two-phase mixture as the research ob-

ject and adopts a transient CFD method to systematically 

investigate the rotordynamic characteristics of labyrinth 

seals. The rotational and whirling motions of the rotor are 

realized via the macro commands of user-defined functions 

(UDFs), namely DEFINE_CG_MOTION and DE-

FINE_PROFILE; the whirling equation of the rotor is de-

rived in detail, and the eccentric motion of the rotor is sim-

ulated by combining the dynamic mesh technique. 

This study clarifies the inherent variation laws of 

the rotordynamic coefficients of gas-liquid two-phase laby-

rinth seals under the coupling conditions of multiple param-

eters, reveals the influence mechanism of gas volume frac-

tion on seal stability, and provides key technical support for 

the design optimization, safety assessment and long-term re-

liable operation of gas-liquid two-phase pumps in strategic 

industries such as advanced nuclear energy. 
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2. Computational Theory 

The medium investigated in this paper is a gas-liq-

uid fluid mixture. The continuity equation for the mixture is: 
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The momentum equation of the mixture can be de-

rived from the momentum equations of each phase in the 
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where m is the mixture density, kg/m3; vm is the mass-aver-

aged velocity, m/s; um is the mixture viscosity coefficient, 

Pa·s; F is the body force, N; n is the number of phases; k is 

the volume fraction of the k phase; k is the density of the k 

phase, kg/m3; vdr,k is the drift velocity of the k phase, m/s. 

The volume fraction equation of the secondary 

phase p can be derived from the continuity equation of the 

secondary phase p: 

( ) ( ) ( )p p p p m p p dr ,pv v
t
     
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We assume that the rotor is whirling around its cen-

tered position, the tangential force and the radial force can 

be written [15]: 

2

tF / e k m C − = − + + , (4) 

2

rF / e K M c − = − + . (5) 

The effective stiffness and effective damping are 

often needed to analyze the overall stability characteristics. 

They are expressed: 

eff rK F / e= − , (6) 

( )eff tC F / e / = − . (7) 

In the CFD software, the DEFINE_CG_MOTION 

macro in the User-Defined Function (UDF) is used to realize 

the whirling motion of the rotor, namely the velocity pertur-

bation and displacement perturbation of the rotor. The ve-

locity equation for its whirling motion can be expressed as: 
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The moving coordinate system is established via 

the DEFINE_PROFILE control macro, where the actual 

motion is converted into physical quantities that are embed-

ded into the program for iterative calculation. In this way, 

the dynamic boundary of rotor rotation is transformed into 

a static boundary, enabling rotation at an arbitrary position. 

The rotational motion of the rotor is illustrated in Fig. 1, 

where the central coordinate represents the absolute coordi-

nate system. In the user-defined functions of Fluent, face 

zones are obtained by the Thread data type; for the rotating 

rotor walls at different positions, the begin_f_loop(f,t) 

macro is adopted to perform face looping, which allows the 

coordinates of the rotor mesh centers to be acquired. Fig. 1 

below shows the positions of the rotating rotor in the four 

quadrants of the absolute coordinate system, with the coor-

dinate system marked by dashed lines denoting the local co-

ordinate system. 

 

Fig. 1 The coordinate of rotor rotation motion 

Assume that there is an arbitrary point P(x, y) on 

the rotor surface, and its distance from the origin of the rotor 

coordinate system is equal to the rotor radius: 

( ) ( )
2 2

0 0r x x y y= − + − . (9) 

It can see from Fig. 1 that by synthesizing the ve-

locity components in the first to fourth quadrants, it can be 

obtained that: when x < 0, then vy = −vy; when x > 0, then 

vy = vy; when y < 0, then vx = vx; when y > 0, then vx = −vx. 

The rotor position is accurately determined by writing a 

UDF program that encodes the rotor’s velocity components 

for any quadrant. 

When the rotor rotates from the concentric position 

to the seal clearance position with an eccentricity of 90% as 

shown in Fig. 2, a, and as illustrated in Fig. 2, b, the skew-

ness of the maximum mesh increases from 0.035 to 0.26. 

The increase in mesh skewness indicates a rise in the mesh 

distortion rate during the rotor's rotation with large eccen-

tricity. Nevertheless, the mesh elements in the clearance still 

do not exhibit high distortion or negative volumes at this 

time, which demonstrates that the dynamic mesh algorithm 

is applicable to the transient flow simulation of the seal.  

In numerical calculation, the rotational and whirl-

ing motions of the rotor were realized by the UDF program 

using the transient dynamic mesh analysis technique, and 

the equations for the orbital and rotating motions of the rotor 

were established based on the DEFINE_CG_MOTION and 

DEFINE_PROFILE control macros, respectively. Finally,  
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a 

 

b 

Fig. 2 The mesh under the eccentric motion: a – initial mesh, 

b – deformed mesh 

 

Fig. 3 Calculation flowchart 

the numerically calculated seal excitation forces were sub-

jected to FFT transformation to derive their real and imagi-

nary parts, and the dynamic coefficients were obtained via 

the least square method fitting. The calculation flowchart is 

shown in Fig. 3. 

3. Calculation Model  

This paper mainly conducts a study on the mixed  

 

Fig. 4 Geometry of parallel grooved seal 

Table 1 

Geometry parameters & operational conditions 

Inlet Pressure, MPa  0.51, 0.81, 1.11 

Outlet Pressure, MPa 0.1 

Gas volume fraction, GVF 10%, 20%, 30% 

Inlet preswirl ratio λ 0 

Rotor speed n, rpm 1500, 3000, 4500 

Rotor diameter D, mm 102 

Seal radial clearance cr, mm 0.203 

Groove depth d, mm 1.524 

Land width w, mm 1.524 

Groove length s, mm 1.524 

 

Fig. 5 Computational model and mesh 

Table 2 

CFD method 

Fluids  Mixture (Air/ water) 

Inlet boundary condition Total pressure 

Multi-phase Mixture 

Outlet boundary condition Static pressure 

Solution type Transient 

Mesh motion Dynamic mesh method 

Turbulence model  Scalable wall function, k-ԑ model 

Wall property Adiabatic 

 

fluid of water and air media. Fig. 4 shows the schematic di-

agram of the grooved seal structure with parallel grooves on 

the rotor, and its geometric parameters and operating condi-

tions are detailed in Table 1. In this study, analyses were 

carried out under three different pressure drops, three differ-

ent rotor rotational speeds and three different gas volume 

fractions, respectively. Fig. 5 presents the 3D model and 

mesh generation result of the seal in the Fluent software; all 
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mesh elements adopt hexahedrons, and the mesh independ-

ence study has been completed. The final mesh scale of the 

CFD model adopted in this paper is 2.16 million elements. 

The k-ԑ turbulence models are more suitable in 

CFD software. Table 2 gives the transient CFD solution set-

ups. 

4. Results and Discussion 

4.1. Experiment results  

To verify the authenticity of the Computational 

Fluid Dynamics (CFD) calculation results, a seal test rig 

with a mixed medium of normal temperature water and air 

was adopted for the experiment, and the test rig is shown in 

Fig. 6. The test rig operates at pressure drops up to 1.5 MPa 

and rotor speeds up to 6000 r/min. Coriolis Mass Flowmeter 

(accuracy: ±0.5%) is used for leakage flow rate measure-

ment. Pressure transducers (accuracy: ±0.1%, range: 0-2 

MPa) are installed at the seal inlet and outlet. Rotor speed is 

monitored by a tachometer (accuracy: ±0.1%).  

Figs. 7 and 8 present the comparisons between the 

experimental and numerical results of leakage flow rate with 

respect to pressure difference and rotational speed respec-

tively. It can be seen from the figures that the experimental 

and numerical results of leakage flow rate exhibit a basically 

consistent variation trend: the leakage flow rate decreases 

with the increase in rotational speed and increases with the 

rise in pressure difference, the maximum relative error be-

tween the experimental and numerical results is approxi-

mately 22.3%, which is considered acceptable. 

 

Fig. 6 Test rig 

 

Fig. 7 Calculations versus measured leakage flow rate 

(n = 3000 r/min) 

 

Fig. 8 Calculations versus measured leakage flow rate 

(Δp = 0.71 MPa) 

4.2. Effects of pressure drop 

The CFD method was used to analyze the influence 

of pressure drops on rotordynamic coefficients, it was car-

ried out at three different pressure drops of 0.41 MPa, 

0.71 MPa and 1.01 MPa. Fig. 9 presents the variation curves 

of stiffness and damping coefficients with pressure drop 

under three gas volume fractions at a rotor speed of 3000 

r/min. It can be seen from the figure that the direct stiffness 

coefficient K increases with the rise of pressure drop for all 

three gas volume fractions, and the K values show little  

difference among the three gas volume fractions, with the K 

decreasing slightly as the gas volume fraction increases. The 

direct damping coefficient C is positive in all cases; it de-

creases with the increase of gas volume fraction and in-

creases with the rise of pressure drop. At a pressure drop of 

0.71 MPa, the direct damping coefficients C decreases by 

22.2% when the gas volume fraction increases from 10% to 

30%. The cross-coupling stiffness coefficient k increases 

with the rise of pressure drop and decreases with the in-

crease of gas volume fraction. The cross-coupling damping 

coefficient c is negative in all cases, and its absolute value 

becomes larger with the increase of pressure drop. It can 

also be observed from the figure that the absolute value of 

the negative cross-coupling damping coefficient increases 

as the gas volume fraction rises. 

It can be seen from Fig. 10 that the Keff values un-

der the three gas volume fractions are all positive and ex-

hibit a parabolic rising trend; the effective stiffness Keff in-

creases substantially with the increase of pressure drop. 

Meanwhile, it can be found that the effect of gas volume 

fraction on effective stiffness Keff is not significant, and the  
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Fig. 9 Frequency-independent rotordynamic coefficients 

versus pressure drop (n = 3000 r/min): a – direct 

stiffness K, b – direct damping C, c – cross-coupling 

stiffness k, d – cross-coupling damping c 

 

Fig. 10 Frequency-dependent plots of effective stiffness at 

different pressure drop (n = 3000 r/min) 

 

Fig. 11 Frequency-dependent plots of effective damping at 

different pressure drop (n=3000 r/min) 

Keff decreases slightly as the gas volume fraction increases, 

which is the result of the combined effect of K, M and c. 

Fig. 11 shows the variation curves of the fre-

quency-dependent effective damping coefficient Ceff, which 

is jointly affected by C, k and m. The Ceff values under the 

three gas volume fractions are positive over the entire whirl-

ing frequency range, and their values increase significantly 

with the rise of pressure drop; the effective damping coeffi-

cient Ceff basically shows a decreasing trend with the in-

crease of whirling frequency. At a pressure drop of 1.01 

MPa, in the low-frequency range (<20 Hz), the Ceff de-

creases slightly with the increase of whirling frequency. 

With the increase of gas volume fraction, the effective 

damping decreases significantly. 

4.3. Influence of rotor speed 

To analyze the influence of rotor rotational speed 

on rotor dynamic characteristics, CFD numerical simula-

tions were conducted at rotor speeds of 1500 r/min, 3000 

r/min and 4500 r/min for three different gas volume frac-

tions (GVFs), respectively. Fig. 12 presents the variation 

curves of frequency-independent rotor dynamic coefficients 

under the working condition of a pressure drop of 0.71 MPa 

for the three GVFs. 

The direct stiffness coefficient K under all three 

GVFs was positive and increased with the rise of rotor speed, 
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Fig. 12 Frequency-independent rotordynamic coefficients 

versus rotor speed (Δp = 0.71MPa): a – direct stiff-

ness K, b – direct damping C, c – cross-coupling 

stiffness k, d – cross-coupling damping c 

while the K decreased with the increase of GVF. When the 

GVF increased from 10% to 30%, the direct stiffness coef-

ficient K experienced a maximum reduction of 2.4%. The 

direct damping coefficient C under the three GVFs all de-

creased as the rotor speed rose: as the rotor speed increased 

from 1500 r/min to 4500 r/min, the direct damping coeffi-

cient of GVF 10% decreased by 1.4%, and that of GVF 30% 

by 1.5%. A lower GVF corresponded to a larger direct 

damping coefficient. The cross-coupling stiffness k also de-

creased with the increase of rotor rotational speed. At a ro-

tational speed of 4500 r/min, the cross-coupling stiffness 

values for all three GVFs were negative, and a lower GVF 

led to a larger absolute value of the negative stiffness. The 

cross-coupling damping coefficient c under the three GVFs 

were all negative and decreased with the rise of rotor speed: 

as the rotor speed increased from 1500 r/min to 4500 r/min, 

the cross-coupling damping coefficient c decreased from -

74.1 N.m/s to -107.8 N.m/s for GVF 10%, from -80.7 N.m/s 

to -126.3N.m/s for GVF 20%, and from -97.7 N.m/s to -

136.2 N.m/s for GVF 30%. 

Fig. 13 shows the variation curves of the fre-

quency-dependent effective stiffness coefficient Keff with 

whirling frequency. For the three gas volume fractions 

(GVFs), the Keff exhibits a parabolic variation trend with the 

whirling frequency, and the effect of rotor speed is signifi-

cant over the entire frequency range. The parabolic  

 

 

Fig. 13 Frequency-dependent plots of effective stiffness at 

different rotor speed (Δp = 0.71 MPa) 

 

Fig. 14 Frequency-dependent plots of effective damping at 

different rotor speed (Δp = 0.71 MPa) 
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curvature is larger at lower rotational speeds, indicating that 

the effective stiffness coefficient Keff changes more drasti-

cally with the variation of whirling frequency under low-

speed conditions. The higher the whirling frequency, the 

larger the Keff value at low rotor speeds. At a fixed rotor 

speed, the Keff decreases with the increase in GVF, regard-

less of whether the whirling frequency is high or low. There-

fore, under the same operating conditions, a lower GVF re-

sults in a superior stiffness performance of Keff. 

Fig. 14 presents the variation curves of the fre-

quency-dependent effective damping coefficient Ceff with 

whirling frequency. The Ceff is positive over the entire whirl-

ing frequency range for all three GVFs. At a rotor speed of 

1500 r/min, the variation of Ceff is negligible across the en-

tire frequency range, whereas at 4500 r/min, it decreases sig-

nificantly with the increase in whirling frequency. When the 

whirling frequency exceeds 50 Hz, the effective damping 

coefficient Ceff at 1500 r/min is higher than that under the 

other two rotor speed conditions. With the increase in GVF, 

the Ceff decreases significantly under all three rotor speed 

conditions. 

4.4. Discussion 

The increase in direct stiffness K with rising pres-

sure drop stems from the Lomakin effect. A larger axial 

pressure gradient generates stronger hydrodynamic pressure 

within the seal clearance. Meanwhile, higher axial flow ve-

locity intensifies turbulent dissipation inside the seal cavi-

ties, which further raises the direct damping C. The reduc-

tion of direct damping C with increasing gas volume frac-

tion (GVF) is fundamentally caused by the weakened 

squeeze-film effect. Rising GVF reduces the effective bulk 

modulus of the two-phase mixture. During rotor whirling, 

the reaction force provided by the liquid film decreases ac-

cordingly. Elevated rotor speed intensifies circumferential 

swirl in the seal clearance, leading to a lower cross-coupling 

stiffness k and aggravated destabilizing effects of negative 

cross-coupling damping c. 

Design recommendations are summarized from the 

perspective of optimization: First, for high-GVF operating 

conditions, reducing the radial seal clearance or smooth an-

nular seals is advised to strengthen the Lomakin effect, sim-

ultaneously increasing direct stiffness K and direct damping 

C to offset performance degradation induced by higher GVF. 

Second, under high-speed operating conditions where cross-

coupling stiffness turns negative, inlet anti-swirl devices can 

be installed to suppress the inlet fluid preswirl intensity. 

5. Conclusions 

The transient dynamic mesh method is adopted to 

calculate the rotordynamic coefficients of the seal under 

gas-liquid two-phase flow conditions. The leakage flow rate 

of the seal in two-phase condition is measured experimen-

tally, and the test data show good agreement with the nu-

merical predictions. 

We found that pressure drop, rotor speed, and gas 

volume fraction (GVF) significantly affect rotordynamic 

coefficients. Higher pressure drop increases K, C, and k, 

whereas higher GVF reduces all three – C decreases by 22.2% 

as GVF rises from 10% to 30% at Δp = 0.71 MPa. Higher 

rotor speed increases K but reduces C; k becomes negative 

at 4500 r/min; cross-coupling damping c drops from -74.1 

to -107.8 N·s/m (GVF 10%) and from -97.7 to -136.2 N·s/m 

(GVF 30%). The effective damping Ceff remains positive 

across the investigated frequency range, this is beneficial to 

the stability of the rotor system. 

In terms of structural optimization design, for high-

GVF operating conditions, it is recommended to reasonably 

reduce the radial seal clearance to strengthen the Lomakin 

effect, or adopt smooth annular seal configurations to miti-

gate internal fluid kinetic energy dissipation. When the rotor 

operates at high speeds and the cross-coupling stiffness k 

turns negative, anti-swirl measures shall be implemented to 

suppress circumferential swirl.  
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S u m m a r y 

In this study, computational fluid dynamics (CFD) 

was integrated with dynamic mesh technology and user-de-

fined functions (UDFs), and the whirling motion equation 

was derived in detail. A numerical simulation investigation 

was conducted on the rotordynamic characteristics of laby-

rinth seals under gas-liquid two-phase conditions. The reli-

ability of the numerical model was verified by experimental 

measurements of leakage flow rate, and the results showed 

that the variation trends of the two were consistent with a 

maximum relative error of 22.3%, indicating a good ap-

plicability of the model. The effects of three pressure drops, 

three rotor speeds and three different gas volume fractions 

(GVF) on the frequency-independent and frequency-de-

pendent rotordynamic coefficients (including direct stiff-

ness, cross-coupling stiffness, damping coefficients and ef-

fective coefficients) were analyzed systematically. The re-

sults demonstrated that an increase in pressure drop en-

hanced the direct stiffness and direct damping, while a rise 

in GVF led to a reduction in these coefficients; an increase 

in rotor speed improved the direct stiffness but decreased 

the direct damping, and exacerbated the negative effect of 

cross-coupling damping. The effective stiffness (Keff) exhib-

ited a parabolic variation trend with the whirling frequency, 

whereas the effective damping (Ceff) remained positive over 

the entire frequency range, which ensures the operational 

stability. This study provides a theoretical basis for the de-

sign and optimization of labyrinth seals in two-phase flow 

environments, and is conducive to improving the opera-

tional stability of industrial rotor systems. 
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