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Abstract. The static fluid-induced force and stiffness coefficient of the smooth annular seal 
directly affect the rotor system stability. In this paper, a computational fluid dynamics method is 
applied to investigate the flow characteristics of a smooth annular seal for various eccentricities, 
discharge/supply pressures and rotational speeds under different flow conditions (laminar, 
transition, and turbulent flow). The influence factors and formation mechanism of the static 
instability in the smooth annular liquid seal are analyzed. Results show that laminar flow 
dominates the flow state at a rotational speed of 𝜔 ൌ 2000 rpm. As the rotational speeds increase, 
the transition flow (2000-7000 rpm) gradually transits to the turbulent regime (𝜔 ൐ 7000 rpm). 
The direct static stiffness decreases first and then increases from laminar to transition flow state, 
and the viscosity effect is the dominant factor. For transition and turbulent flow with high 
eccentricities (𝜀 ൌ 80 %), the dominant viscous effect and inertial effect lead to the negative radial 
force and negative direct static stiffness coefficients. The smooth annular liquid seal shows best 
performance in the laminar flow and worst performance in the turbulent flow.  
Keywords: smooth annular liquid seal, static instability, flow-induced force, direct static stiffness 
coefficient. 

Nomenclature 𝐴 Annular clearance area, m2 𝐶௥ Seal clearance, mm 𝐷 Rotor diameter, mm 𝐹 Radial force, N ℎ Seal cavity depth, mm ℎ௠௔௫ Maximum clearance, mm ℎ௠௜௡ Minimum clearance, mm 𝐾𝑥𝑥, 𝐾𝑦𝑦 Direct and cross-coupled stiffness coefficient, MN/m 𝐿 Seal length, mm Δ𝐿 Axial distance, mm 𝑃௜௡ Supply pressure, bar 𝑃௢௨௧ Discharge pressure, bar ∆𝑃 Axial pressure drop, bar 𝑇 Supply temperature, K 𝑡 Time step, s 𝑣௧ Average circumferential velocity, m/s Re Vector Reynolds number Re𝑧 Axial-flow Reynolds number Re𝜃 Circumferential-flow Reynolds number 
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𝑥 Rotor whirling displacement in 𝑥 direction, mm 𝑦 Rotor whirling displacement in 𝑦 direction, mm 
ꞷ Rotational speed, rpm 𝜀 Eccentricity ratio 𝜆 Wall friction factor 

1. Introduction 

Smooth annular seals are the essential component to reduce the leakage flow due to the 
pressure difference across the seal [1-3]. Meanwhile, the rotordynamic performance related to the 
stability of the rotor-bearing-seal system are found to be affected mainly by the annular seal in 
many engineering applications [4-8]. Annular seals working in different flow states (laminar flow, 
transition flow and turbulent flow) produce different seal forces on the rotor, leading to instability 
of the rotor. Therefore, it is of great theoretical significance to study annular seals [9-11]. 

The seal forces acting on the rotor surface can include static force and dynamic force. The 
static force is produced by the rotor, while the dynamic force is produced by the rotor vibration. 
The influence of static force on the rotor system is manifested in changing the system direct static 
stiffness, leading to the static instability. On the one hand, the static instability mechanism for 
smooth annular seals is not clear, especially when the fluid is in various flow states, such as 
laminar flow, transition flow and turbulent flow. On the other hand, the trend of the direct static 
stiffness coefficient and static instability mechanism need more investigations [12-15]. 

The static seal force and the direct static stiffness coefficient show significant influence the 
system stability. In 1958, Lomakin [16] firstly proposed the axial pressure drop would lead to 
positive direct radial stiffness of smooth annular seal, and it was independent of rotational speed 
and a function of Reynolds number, pressure drop, rotor radius and radial clearance. Fleming [17] 
changed the working medium, thus found the annual seal produced negative stiffness. Alexander 
et al [18] found that the sealing force generated by a smooth ring seal shifted the rotor eccentric, 
and further pointed out that negative static stiffness coefficient could cause static instability of the 
system. Arghir [19] pointed out that under high static eccentricity, the traditional lomakin effect 
was weakened by the viscous force effect in maximum clearance, which leads to the negative 
stiffness of the smooth annular seal. Zhang W. et al [20] determined that for flow conditions 
without choking the flow in an annular gas seal, the viscous effect was the dominant factor for the 
negative static direct stiffness coefficient at 𝐿 𝐷⁄ = 1.0 with large eccentricity values. 

However, when the fluid inside the seal is in various flow states (laminar flow, transition flow, 
turbulent flow), it will show different static characteristics. Based on turbulent theory, Black  
[21-22] proposed a solution model for fluid flow characteristics (low viscosity, large axial pressure 
drop and large radial clearance) for annular seal.  

In 2015, Salas [23] measured the static and rotordynamic characteristics of the smooth annular 
seal under laminar flow, and found maximum axial, circumferential, and vector Reynolds numbers 
of 12, 143, and 144, also under laminar flow. In 2021, Maximilian et al. [24] studied investigating 
plain, symmetrically profiled and non-symmetrically profiled annular seals within the relevant 
parameter range for turbulent flow in pumps. The results are compared to the simulation results 
showing a significant influence ofprofiled gaps on the dynamic characteristics in comparison to 
plain annular seals. Bullock et al. [25] studied the static characteristics of the seal rotor during the 
transition state from the turbulent state, but its stability formation mechanism is still unclear. 

Based on the experimental results by Childs [25], ISO VG2 fluid was selected in working fluid. 
This paper presents a comprehensive analysis of the static characteristics for a smooth annular 
seal in laminar, transition and turbulent flow regimes. CFD method is used to establish the 
three-dimensional numerical analysis model for the smooth annular liquid seal with various 
rotational speeds, eccentricity ratios and axial pressure drop. The work aims to evaluate the static 
stability of the smooth annual seal. The flow field inside the seal and its static performance are 
discussed in detail. 
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2. Numerical method 

2.1. Solution method for the direct static stiffness coefficient 

The relation between the fluid-induced force ൫𝐹௫,𝐹௬൯ and rotor whirling displacement ሺ𝑥,𝑦ሻ 
can be expressed as: −൤𝐹௫𝐹௬൨ = ቂ𝐾 𝑘𝑘 𝐾ቃ ⋅ ቂ𝑥𝑦ቃ. (1)

Fig. 1 and Fig. 2 display the seal geometry and rotor-seal system respectively. In Fig. 1, ℎ௠௔௫ 
and ℎ௠௜௡ denote the maximum and minimum clearance. The rotor is eccentric in the negative 
direction of y axial direction. 𝐶௥, 𝑒, 𝜀 are the seal clearance, the eccentric distance and the 
eccentricity ratio, respectively, which can be expressed as: 𝜀 = 𝑒𝐶௥ . (2)

 
Fig. 1. Schematic diagram of the eccentric rotor-seal system 

 
Fig. 2. Two dimensional model for the smooth annular liquid seal 

The direct stiffness coefficient 𝐾 can be expressed as: 

𝐾 = 𝐾௫௫ = 𝐾௬௬ = − 𝜕𝑓௬𝜕𝛿௬ቤ 𝛿௬. (3)

In the following discussion, the axial Reynolds number 𝑅𝑒௭ is: 
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𝑅𝑒௭ = 𝑄𝐶௥𝜌𝐴𝜇 , (4)

where, 𝐴 is annular clearance area (𝐴 = 2𝜋𝑅𝐶௥ + 𝜋𝐶௥ଶ), 𝜇 is viscosity, 𝜌 is density, and 𝑄 is 
volumetric leakage rate. The circumferential Reynolds number 𝑅𝑒ఏ is: 

𝑅𝑒ఏ = 𝑅𝜔𝐶௥𝜌𝜇 . (5)

Following Zirkelback and Andrés [14], Cr is used as the hydraulic diameter. The vector 
Reynold number is: 

𝑅𝑒 = ට𝑅𝑒௭ଶ + 𝑅𝑒ఏଶ. (6)

The configuration of the smooth annular liquid seal is shown in Fig. 2. Table 1 lists the detailed 
operating conditions. In order to further analyze the internal flow state, Fig. 2 shows the diagram 
of the different seal sections (1, 2, ..., 9, 10). 

Table 1. Seal dimensions 
Parameters Value 

Seal length / mm 50.8 
Rotor diameter 𝐷 / mm 111.6 

Radial clearance 𝐶௥ / mm 0. 18493 
Eccentricity ratio 𝜀 / % 0, 27, 53, 80 

The inlet boundary sets the total pressure and temperature. The detailed dimensions of the 
annular seal are referred from Ref. [25].  

2.2. Mesh and verification 

Fig. 3 illustrates the structured grid distribution. On the one hand, in order to ensure numerical 
stability, extensional sections are set at the seal inlet and outlet respectively. The length of the 
extensional section depends on the backflow phenomenon at the outlet and computational 
convergence residual. 

 
Fig. 3. Three dimensional mesh grids distribution 

On the other hand, the grid independence verification is carried out to verify the numerical 
reliability. The Computational fluid dynamics (CFD) model with five different mesh density 
(1.43 million, 1.84 million, 2.21 million, 3.73 million, 3.91 million) was calculated. Meanwhile, 
Fig. 4 illustrates different mesh densities relative error of fluid leakage flow rate. The mesh density 
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is acceptable when the relative error of the fluid leakage is under 1 %. Therefore, the number of 
grids is chosen to be 3.7 million. 

 
Fig. 4. Grid independence verification 

To validate the current numerical method, simulated and experimental values of Reynolds 
number Re and direct static stiffness coefficients are compared, as shown in Fig. 5. When pressure 
drop Δ𝑃 ≤ 4.13 bar, the simulated direct static stiffness 𝐾௬௬ is slightly larger than the 
experimental value. Direct static stiffness is negative, and the seal will be unstable. 𝐾௬௬ also 
increases gradually with the increasing Δ𝑃. The direct static stiffness coefficient changes from 
negative to positive, which means the system will become stable. For 𝜔 ≤ 4000 rpm, the 
simulated value of 𝑅𝑒 is larger than the experimental value, the error is within the acceptable 
range. 

 
a) Stiffness validation 

 
b) 𝑅𝑒 validation 

Fig. 5. CFD validation 

2.3. Boundary conditions 

This paper applies ANSYS CFX to solve the flow field of the annual seal. The numerical 
domain and boundary conditions are shown in Table 2. The working medium is the ISO VG2 oil. 
The standard k-ε with a scalable wall function is used as the turbulent model. The rotor and stator 
walls are assumed to be adiabatic and hydraulically smooth. Non-slip condition applies to the wall 
surfaces. Total pressure and total temperature are defined for the inlet boundary, while static 
pressure is specified for the outlet boundary.  
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Table 2. Calculation conditions 
Simulation condition Definition 

Fluid 

ISO VG 2 oil 
liquid with dynamic viscosity of 1.831×10-5 N·s/m2, 

specific heat capacity of 1921.49 J/(kg·K) and 
thermal conductivity of 0.12788 W/(m·K) 

Wall Adiabatic, non-slip 
Laminar model Laminar 

Turbulent model 𝑘-𝜀 
Supply pressure 𝑃௜௡  / bar 2.1, 3.1, 5.13, 8.21, 9.27 

Discharge pressure 𝑃௢௨௧  / bar 1 
Supply temperature 𝑇 / K 319.1 
Rotational speed 𝜔 / rpm 500, 1000, 2000，4000，6000，8000，8500 

3. Results and discussion  

3.1. Reynolds number 

Fig. 6 presents the 𝑅𝑒 vs. axial pressure drop ∆𝑃. 𝑅𝑒 is not sensitive to ∆𝑃, while gradually 
increasing with the increasing 𝜔. The velocity transition points from laminar to transition flow 
approaches about 2000 rpm. Because the fluid inside the seal is under laminar flow at  𝜔 < 2000 rpm. The rotational speed range of the transition flow is moving from 2000 to 7000 rpm. 
The velocity transition point from transition to turbulent flow approaches about 7000 rpm. The 
fluid inside the seal is under turbulent flow when rotational speed is larger than 7000 rpm. 

 
Fig. 6. Reynolds number 

3.2. Laminar flow  

3.2.1. Static characteristics  

The direct static stiffness coefficient 𝐾௬௬ vs. axial press drop Δ𝑃 is shown in Fig. 7. Note the 𝜔 = 500 rpm results where 𝐾௬௬ increases slightly in moving from Δ𝑃 = 1 bar to Δ𝑃 = 4 bar, then 
drops steadily in moving from 4 to 6 bar, and finally rise in moving greatly from 6 to 8 bar. 
Meanwhile, for 𝜔 = 2000 rpm, 𝐾௬௬ drops slightly in moving from 1 to 2 bar and then increases 
steadily with increasing ∆𝑃. When the 𝑅𝑒 approaches 1000, 𝐾௬௬ drops in the laminar flow. 
However, for 𝑅𝑒 > 1000, 𝐾௬௬ increase with increasing ∆𝑃. 

To study the effect of laminar flow on the system stability, friction factor, circumferential 
pressure, axial and circumferential velocity are analyzed, respectively. 
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Fig. 7. Direct static stiffness coefficient 𝐾௬௬ vs. axial pressure drop Δ𝑃 (Laminar flow) 

 
Fig. 8. Friction factor 𝜆 vs. Reynolds number 𝑅𝑒, Yamada [26] with 𝐶௥ 𝑅⁄ = 0.0136 

3.2.2. Friction factor 

Fig. 8 shows Yamada [26]’s friction factor 𝜆-vs.-𝑅𝑒௭ results for 𝐶௥ 𝑅⁄ = 0.0136, where 𝑅ఠ is 
the present circumferential Reynolds number 𝑅𝑒ఏ. For the current test results, at 1 rpm,  𝑅𝑒ఏ = 434, which is closest to the curve for 𝑅ఠ = 500, and at about 𝑅𝑒௭ = 1200, 𝜆 stops falling 
and starts leveling off, then remains relatively stable until 2000. Although Yamada’s minimum 𝐶௥ 𝑅⁄  is 3.4 times larger than the present test seal, it shows that the transition from laminar to 
transition flow state occurs around 𝑅𝑒௭ = 1200. According to Yamada’s data, the drop in 𝐾 at 
1000 rpm is caused by the laminar to transition flow, as shown in Fig. 8. 

Fig. 9 depicts the direct static stiffness coefficient 𝐾௬௬ vs. eccentricity ratio 𝜀. The results show 
that the positive 𝐾௬௬ decreases as the increase of 𝜀 and decreases more with higher pressure. 𝐾௬௬ 
is generally unaffected by increasing 𝜔, but grows obviously with the increasing ∆𝑃. 

Fig. 10 provides the direct radial force 𝐹 vs. eccentricity ratio 𝜀. In the laminar flow, the radial 
force increases linearly with increasing eccentricity at ∆𝑃 = 1.1 bar, the positive radial force 
means that the seal produces a positive centering force. 𝐹 is hardly affected by 𝜔, while it 
gradually increases with the increasing ∆𝑃. 

Fig. 11 displays radial force 𝐹 in different seal sections (1, 2, …, 9, 10). Note that the radial 
force 𝐹 is positive, 𝐹 decreases with the increasing axial distance ∆𝐿. For the same ∆𝐿, 𝐹 increase 
significantly with the increasing 𝜀 and ∆𝑃. The difference between radial forces at different 
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eccentricity ratios decreases with increasing axial distance. The difference between the radial 
forces at different eccentricities increases with the increase of ∆𝑃. 

 
Fig. 9. Direct static stiffness coefficient 𝐾௬௬  
vs. static eccentricity ratio 𝜀 (Laminar flow) 

 
Fig. 10. Radial force 𝐹 vs. eccentricity  

ratio 𝜀 (Laminar flow) 
 

 
a) 𝜔 = 1000 rpm, Δ𝑃 = 1.1 bar 

 
b) 𝜔 = 1000 rpm, Δ𝑃 = 2.1 bar 

Fig. 11. Radial force 𝐹 (Laminar flow) 

 
a) 𝜔 = 1000 rpm, Δ𝑃 = 1.1 bar 

 
b) 𝜔 = 1000 rpm, Δ𝑃 = 2.1 bar 

Fig. 12. Direct static stiffness coefficient 𝐾௬௬ (Laminar flow) 

Fig. 12 depicts the direct static stiffness coefficient 𝐾௬௬ in different sections. The 𝐾௬௬ shows 
a decreasing tendency and transforms from negative to positive. 𝐾௬௬ increases significantly with 
the increasing ∆𝑃. 𝐾௬௬ decreases with the increasing 𝜀. However, negative values of 𝐾௬௬ appear 
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in the tenth section when Δ𝑃 = 2.1 bar and 𝜀 = 80 %. The 𝐾௬௬ decreases as the axial distance 
increases, while it shows an opposite tendency as the eccentricity increases. Moreover, the 
difference of direct static stiffness coefficients at different eccentricities decreases as the axial 
distance increases. In conclusion, the static stability of the system in the laminar flow state is well. 

3.2.3. Circumferential pressure 

To illustrate the negative direct static stiffness in the tenth section, Fig. 13 displays the 
circumferential pressure inside the maximum and minimum clearance of the smooth annular seal 
along the leakage path. The pressures in the maximum and minimum clearance decreases with the 
increasing axial distance. The pressures in the maximum clearance decrease with the increase of 
axial distance and 𝜀. However, the pressure in the minimum clearance increases with the 
increasing 𝜀. 

Fig. 14. depicts the pressure difference between the maximum and minimum clearance along 
the axial direction. The pressure difference between the maximum and minimum clearance 
decreases with the increasing axial distance. The pressure difference between the maximum and 
minimum clearance decreases with the increasing 𝜀. When 𝜔 = 500 rpm, Δ𝑃 = 2.1 bar, the 
pressure difference and the static stiffness coefficient inside the tenth section are all negative.  

 
a) 𝜔 = 500 rpm, Δ𝑃 = 1.1 bar 

 
b) 𝜔 = 500 rpm, Δ𝑃 = 2.1 bar 

 
c) 𝜔 = 1000 rpm, Δ𝑃 = 1.1 bar 

 
d) 𝜔 = 1000 rpm, Δ𝑃 = 2.1 bar 

Fig. 13. Circumferential pressure along the axial direction (Laminar flow) 

3.2.4. Axial velocity 

Fig. 15 depicts the axial velocity various with axial distances in different eccentric conditions. 
The axial velocity increases with the increase of pressure in the maximum clearance, while the 
minimum clearance is not affected for the same condition. The axial velocity rises with increasing 
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eccentricity in the maximum clearance and decreases in the minimum clearance. The axial velocity 
difference between the maximum and minimum clearance increases with the eccentricity ratio 
increases. 

Moreover, the axial velocity in the minimum clearance of the tenth section increases more 
quickly than that inside the maximum clearance. This means that the fluid inside minimum 
clearance shows greater accelerations, and the inertia effects dominate the flow.  

 
a) 𝜔 = 500 rpm, Δ𝑃 = 1.1 bar 

 
b) 𝜔 = 500 rpm, Δ𝑃 = 2.1 bar 

 
c) 𝜔 = 1000 rpm, Δ𝑃 = 1.1 bar 

 
d) 𝜔 = 1000 rpm, Δ𝑃 = 2.1 bar 

Fig. 14. Pressure difference between the maximum and minimum clearance  
along the axial distance (Laminar flow) 

 
a) Axial velocity  

(𝜔 = 500 rpm, Δ𝑃 = 1.1 bar) 

 
b) Axial velocity difference  

(𝜔 = 500 rpm, Δ𝑃 = 1.1 bar) 
Fig. 15. Axial velocity between the maximum and minimum clearance  

along the axial direction (Laminar flow) 
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3.2.5. Circumferential velocity 

Fig. 16 depicts the variation tendency of circumferential velocity along the axial direction 
inside the maximum and minimum clearance. It can be observed that the circumferential velocity 
shows an increasing trend with the increases of axial distance, while it shows an opposite trend in 
the minimum clearance. The difference in circumferential velocity between the maximum and 
minimum clearance is small and the seal circumferential velocity changes slowly. Meanwhile, the 
circumferential velocity gradient in the minimum clearance is almost negligible. Therefore, the 
negative static stiffness cannot be accounted for by the circumferential velocity. 

 
a) 𝜔 = 500 rpm, Δ𝑃 = 1.1 bar 

 
b) 𝜔 = 500 rpm, Δ𝑃 = 2.1 bar 

Fig. 16. Circumferential velocity between the maximum and minimum clearance  
along the axial direction (Laminar flow) 

3.3. Transition flow 

3.3.1. Static characteristics  

Fig. 17 depicts radial force 𝐹 vs. eccentricity ratio 𝜀. Note the radial force 𝐹 is positive in the 
transition regime. For ∆𝑃 = 2.1 bar, 𝐹 tends to increase and then decrease as 𝜀 increases. And for ∆𝑃 ≥ 4.14 bar at high pressure shows an increasing trend with the increase of 𝜀. Moreover, 
difference of the radial force in three eccentric conditions gradually increases with increasing ∆𝑃. 

 
Fig. 17. Radial force 𝐹 vs. static eccentricity  

ratio 𝜀 (Transition flow) 

 
Fig. 18. Direct static stiffness coefficient 𝐾௬௬ vs. 

static eccentricity ratio 𝜀 (Transition flow) 

Fig. 18 depicts static stiffness coefficient 𝐾௬௬ vs. eccentricity ratio 𝜀. Notice 𝐾௬௬ increases 
firstly and then decreases. Meanwhile, for ∆𝑃 = 2.1 bar, the static stiffness is negative value at 
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high eccentricity (𝜀 = 80 %). For ∆𝑃 ≥ 4.14 bar, all values are negative, which would tend to 
destabilize the rotor. In a word, the static stability of the system is better at high pressure difference 
(∆𝑃 ≥ 4.14 bar). By contrast, friction coefficient decreases as 𝑅𝑒 rises, most transition flow show 
a positive centering effect. The test data of seal [25] shows that the friction coefficient 𝜆 basically 
remains little or no changes, and 𝑅𝑒 increases from 1200 to 2000. So, 𝑅𝑒 = 2000 is the upper limit 
of Yamada’s test data. 

Fig. 19 depicts the variation of radial force 𝐹 for different sections of the seal. For ∆𝑃 > 2.1 
bar, 𝐹 decreases overall. Moreover, the difference of 𝐹 on different sections decrease along the 
axial distance. However, 𝐹 increases with increasing ∆𝑃. As the axial distance increases, 𝐹 
changes from positive to negative. The negative value region of 𝐹 grows continually as 𝜀 
increases, which increases the destabilizing 𝐹 for the seal. For ∆𝑃 > 6.22 bar, 𝐹 increases with 
the increase of 𝜀. By contrast, 𝐹 remains positive for ∆𝑃 > 4.14 bar. Therefore, pressure  
(∆𝑃 > 4.14 bar) in the transition regime is stable. 

 
a) 𝜔 = 6000 rpm, Δ𝑃 = 2.1 bar 

 
b) 𝜔 = 6000 rpm, Δ𝑃 = 4.14 bar 

 
c) 𝜔 = 6000 rpm, Δ𝑃 = 6.22 bar 

 
d) 𝜔 = 6000 rpm, Δ𝑃 = 8.28 bar 

Fig. 19. Radial force 𝐹 for different rotor sections (Transition flow) 

Fig. 20 illustrates the direct static stiffness coefficient 𝐾௬௬ at different sealing sections. At ∆𝑃 = 2.1 bar, and 𝜀 = 80 %, 𝐾௬௬ is all negative. For ∆𝑃 > 2.1 bar, 𝐾௬௬ increases with the 
increase of 𝜀. 𝐾௬௬ is positive at a large pressure difference. Overall, the system is statically stable 
with a large pressure difference in the transition regime. 

3.3.2. Circumferential pressure  

Fig. 21 and Fig. 22 depict the circumferential pressure difference between the maximum and 
minimum clearance along the axial direction. The result depicts Δ𝑃 decreases continuously along 
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the axial direction. Meanwhile, at Δ𝑃 = 2.1 bar, a magnitude change point appeared in the flow 
path. The pressure in the maximum clearance is smaller than that in the minimum clearance when Δ𝐿 < 10 mm. For this section (Δ𝐿 < 10 mm), flow characteristic conforms to the traditional 
Lomakin Effect. The Lomakin effect causes the rotor to produce a restoring force that is opposite 
to its eccentric direction, pushing the rotor back to its initial position. For Δ𝐿 > 10 mm, pressure 
in the maximum clearance is greater than that in the minimum clearance. This phenomenon results 
in a negative reaction force that pushes the rotor away from the seal center. 

 
a) 𝜔 = 6000 rpm, Δ𝑃 = 2.1 bar 

 
b) 𝜔 = 6000 rpm, Δ𝑃 = 4.14 bar 

 
c) 𝜔 = 6000 rpm, Δ𝑃 = 6.22 bar 

 
d) 𝜔 = 6000 rpm, Δ𝑃 = 8.28 bar 

Fig. 20. Direct static stiffness coefficient 𝐾௬௬ (Transition flow) 

 
a) 𝜔 = 6000 rpm, Δ𝑃 = 2.1 bar 

 
b) 𝜔 = 6000 rpm, Δ𝑃 = 4.14 bar 
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c) 𝜔 = 6000 rpm, Δ𝑃 = 6.22 bar 

 
d) 𝜔 = 6000 rpm, Δ𝑃 = 8.28 bar 

Fig. 21. Circumferential pressure distribution (Transition flow) 

 
a) 𝜔 = 6000 rpm, Δ𝑃 = 2.1 bar 

 
b) 𝜔 = 6000 rpm, Δ𝑃 = 4.14 bar 

 
c) 𝜔 = 6000 rpm, Δ𝑃 = 6.22 bar 

 
d) 𝜔 = 6000 rpm, Δ𝑃 = 8.28 bar 

Fig. 22. The pressure difference between the maximum and minimum clearance  
for different eccentric conditions (Transition flow) 
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with the increase of eccentricity, and the minimum clearance can no longer ignore the wall friction. 
On the other hand, the flow viscosity effect is enhanced, and the traditional Lomakin effect 
weakes. 

3.3.3. Circumferential velocity 

Fig. 23 depicts axial velocity vs. axial distance. The results conduct the difference in 
circumferential velocity between the maximum and minimum clearance in transition flow is 
greater than that in laminar flow. For the minimum clearance, fluid flows faster in the 
circumferential direction and the pressure is lower. The viscous dissipation of fluid reduces the 
pressure in the minimum clearance, the direct static stiffness tends to be negative at a high 
eccentricity ratio. 

The circumferential flow of annular seal fluid is disrupted, and this will lead to increasing the 
vicious influence of flow. The radial force decreases with in decrease of Δ𝑃. 

 
a) 𝜔 = 6000 rpm, Δ𝑃 = 2.1 bar 

 
b) 𝜔 = 6000 rpm, Δ𝑃 = 4.14 bar 

 
c) 𝜔 = 6000 rpm, Δ𝑃 = 6.22 bar 

 
d) 𝜔 = 6000 rpm, Δ𝑃 = 8.28 bar 

Fig. 23. The circumferential velocity between the maximum and minimum clearance  
for different axial distance (Transition flow) 

As the eccentricity increases, the viscosity effect of smooth annular seal at the maximum 
clearance increases, while the inertia effect at the minimum clearance is hardly affected. Thus, 
viscous force dominates instead of the typical annular seal inertia effects. The circumferential 
velocity of maximum clearance is significantly lower than that of the minimum clearance, which 
increase the effect of energy dissipation at the maximum clearance. Δ𝑃 increase with the 
increasing pressure at the maximum clearance. Thus, the seal is statically unstable. The growth 
rates of the circumferential velocity go up when the eccentricity ratio increases and the inertia 
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effect enhances. 

3.3.4. Circumferential velocity gradient  

The circumferential velocity gradients represent the amplitude change rate of the 
circumferential velocity at the average sealing clearance. The change in the circumferential 
velocity gradients affect the viscous effect of the fluid within the seal. Fig. 24 displays the 
circumferential velocity gradients varying with eccentricity ratios 𝜀 (27 %, 53 %, 80 %) along the 
axial direction. The circumferential velocity gradients in the minimum clearance are positive, 
while the circumferential velocity gradients in the maximum clearance are negative. The 
circumferential velocity gradients decrease as the eccentricity ratio rises. The circumferential 
velocity gradients for the minimum clearance are close to zero. The negative circumferential 
velocity gradients in the maximum clearance clearance to a strong viscous effect in the seal. The 
dominant viscous effect leads to negative direct static stiffness. The negative region in the 
minimum clearance decreases with the increase of eccentricity. The system may be statically 
unstable with the high eccentricity ratios at ∆𝑃 = 2.1 bar. In brief, the system tends to be statically 
stable as ∆𝑃 increases. 

 
a) 𝜔 = 6000 rpm, Δ𝑃 = 2.1 bar 

 
b) 𝜔 = 6000 rpm, Δ𝑃 = 4.14 bar 

 
c) 𝜔 = 6000 rpm, Δ𝑃 = 6.22 bar 

 
d) 𝜔 = 6000 rpm, Δ𝑃 = 8.28 bar 

Fig. 24. Circumferential velocity gradient in the maximum and minimum clearance  
for different eccentric conditions (Transition flow) 

3.4. Turbulent flow 

3.4.1. Static characteristics 

Fig. 25 provides radial force 𝐹 vs. the eccentricity ratio 𝜀. Results show that radial force shows 

0.0 0.2 0.4 0.6 0.8 1.0

-189

-126

-63

0

C
irc

um
fe

re
nt

ia
l v

el
oc

ity
 g

ra
di

en
t/(

s^
-1

)

Axial distance /(%)

 ε=27%, hmax     ε=27%, hmin

 ε=53%, hmax     ε=53%, hmin

 ε=80%, hmax     ε=80%, hmin

0.0 0.2 0.4 0.6 0.8 1.0

-176

-132

-88

-44

0

C
irc

um
fe

re
nt

ia
l v

el
oc

ity
 g

ra
di

en
t/(

s^
-1

)

Axial distance /(%)

 ε=27%, hmax     ε=27%, hmin

 ε=53%, hmax     ε=53%, hmin

 ε=80%, hmax     ε=80%, hmin

0.0 0.2 0.4 0.6 0.8 1.0

-165

-110

-55

0

C
irc

um
fe

re
nt

ia
l v

el
oc

ity
 g

ra
di

en
t/(

s^
-1

)

Axial distance /(%)

 ε=27%, hmax     ε=27%, hmin

 ε=53%, hmax     ε=53%, hmin

 ε=80%, hmax     ε=80%, hmin

0.0 0.2 0.4 0.6 0.8 1.0
-200

-150

-100

-50

0

50

Ci
rc

um
fe

re
nt

ia
l v

el
oc

ity
 g

ra
di

en
t/(

s^
-1

)

Axial distance /(%)

 ε=27%, hmax     ε=27%, hmin

 ε=53%, hmax     ε=53%, hmin

 ε=80%, hmax     ε=80%, hmin



EVALUATION OF THE FLOW STATE AND STATIC PERFORMANCE OF SMOOTH ANNULAR LIQUID SEALS.  
ZHONGJIE YANG, JIN FENG, JINGYU WAN, XIAOBIN YU, ZHANGJIN HE, WANFU ZHANG 

 JOURNAL OF VIBROENGINEERING. NOVEMBER 2023, VOLUME 25, ISSUE 7 1427 

a negative sign at Δ𝑃 = 2.1 bar. When the eccentricity increases, the negative region increases. 
For ∆𝑃 ≤ 6.22 bar, the radial force shows a first increase and then decrease with increasing 𝜀. For ∆𝑃 > 6.22 bar, the magnitudes of the radial force increase with ε increases. And the difference for 
the radial forces increase as Δ𝑃 increases. 

 
Fig. 25. Radial force 𝐹 vs. static eccentricity  

ratio 𝜀 (Turbulent flow) 

 
Fig. 26. Direct static stiffness coefficient 𝐾௬௬ vs. 

static eccentricity ratio 𝜀 (Turbulent flow) 
 

 
a) 𝜔 = 8500 rpm, Δ𝑃 = 2.1 bar 

 
b) 𝜔 = 8500 rpm, Δ𝑃 = 4.14 bar 

 
c) 𝜔 = 8500 rpm, Δ𝑃 = 6.22 bar 

 
d) 𝜔 = 8500 rpm, Δ𝑃 = 8.28 bar 

Fig. 27. Radial force 𝐹 (Turbulent flow) 

Fig. 26 depicts 𝐾௬௬ vs. static eccentricity ratio 𝜀. With the increasing static eccentricity ratio 𝜀, the 𝐾௬௬ changes from positive to negative. The 𝐾௬௬ is positive at ∆𝑃 = 8.28 bar. However, 𝐾௬௬ 
has a negative region with low ∆𝑃. The system will be statically unstable at ∆𝑃 = 2.1 bar. In the 
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turbulent regime, the static stability of the system is stable at high ∆𝑃. 
The trend is consistent with that of the turbulent and transition flow regimes, but the negative 

stiffness region of the turbulent region is larger than the transition region. Thus, the turbulent flow 
shows worse static stability performance than transition flow.  

Fig. 27 illustrates radial force 𝐹 in different sections (1, 2, …, 9, 10). Radial force 𝐹 is negative 
under the low-pressure difference (∆𝑃 = 2.1 bar), and their values increase with the increasing Δ𝑃. Meanwhile, the negative region gradually decreases. For ∆𝑃 > 6.22 bar, the direct static 
stiffness is positive. The static stability of the system in the turbulent flow is stable under high 
pressure difference (Δ𝑃 > 6.22 bar). 

Fig. 28 depicts the 𝐾௬௬ in different sections vs. Δ𝑃. For ∆𝑃 = 2.1 bar, the 𝐾௬௬ show negative 
signs, as the Δ𝑃 grows, the negative area of 𝐾௬௬ decreases. Both 𝐾௬௬ and 𝐹 transform from 
negative to positive, which means that the system is statically stable. For ∆𝑃 = 8.28 bar, 𝐾௬௬ is 
positive. Hence, when the fluid is in high pressure difference region, the system is statically stable.  

 
a) 𝜔 = 8500 rpm, Δ𝑃 = 2.1 bar 

 
b) 𝜔 = 8500 rpm, Δ𝑃 = 4.14 bar 

 
c) 𝜔 = 8500 rpm, Δ𝑃 = 6.22 bar 

 
d) 𝜔 = 8500 rpm, Δ𝑃 = 8.28 bar 

Fig. 28. Direct static stiffness coefficient 𝐾௬௬ (Turbulent flow) 

3.4.2. Circumferential pressure 

Fig. 29 and Fig. 30 show the pressure distributions in the maximum and minimum clearance 
along the axial direction for the annular seal. It can be observed that the Δ𝑃 decreases with the 
increase of axial direction. The trend is consistent with that of transition regime. For  Δ𝑃 > 6.22 bar, in the tenth section, the maximum clearance pressure is greater than the minimum 
clearance pressure. The fluid inertia force and viscous effect can account for this phenomenon. 
Results also show the clearance pressure crossover point 𝐿 appears at a specific location of the 
seal. Point 𝐿 moves to the first section with increasing eccentricity, and the Lomakin effect 
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lessens. The results also show that for the seal with the same eccentricity, the maximum and 
minimum clearance pressure difference in the turbulent region is smaller than that in the transition 
region. The direct static stiffness 𝐾௬௬ becomes to be negative at low eccentricity (∆𝑃 ≤ 4.14 bar). 
In the turbulent regime, the static stability of the system is unstable at low pressure. 

 
a) 𝜔 = 8500 rpm, Δ𝑃 = 2.1 bar 

 
b) 𝜔 = 8500 rpm, Δ𝑃 = 4.14 bar 

 
c) 𝜔 = 8500 rpm, Δ𝑃 = 6.22 bar 

 
d) 𝜔 = 8500 rpm, Δ𝑃 = 8.28 bar 

Fig. 29. Pressure in the smooth annular seal (Turbulent flow) 

3.4.3. Circumferential velocity  

Fig. 31 depicts the circumferential velocity distribution in the maximum and minimum 
clearance along the leakage path for different eccentricity ratios. Compared with the transition 
flow, the circumferential velocity between maximum and minimum clearance in the turbulent 
regions is larger. 

The circumferential velocity in the minimum clearance is faster than that in the maximum 
clearance, which reduces the pressure in the minimum clearance. Because the viscous dissipation 
of the fluid in the minimum clearance reduces the pressure in the minimum clearance. Viscous 
dissipation of the fluid at the minimum clearance reduces the pressure of the minimum clearance 
fluid, and static stiffness shows negative signs at high eccentricity (𝜀 ≥ 53 %). The circumferential 
velocity increases in the negative region at the maximum clearance, which enhances the viscous 
effect in the seal and reduces the pressure at the maximum clearance. The seal exhibits negative 
direct stiffness coefficients, so it is statically unstable. 

On the one hand, the effect of energy dissipation is weakened in the minimum clearance by 
the larger circumferential velocity of the minimum clearance and the smaller pressure in the 
minimum clearance. On the other hand, the circumferential velocity in the maximum clearance is 
significantly smaller than that in the minimum clearance, which makes the energy dissipation in 
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the maximum clearance effect stronger. Therefore, the increase of pressure in the maximum 
clearance will lead to the increase of pressure difference between the maximum and the minimum 
clearance. Hence, the system is statically unstable. 

 
a) 𝜔 = 8500 rpm, Δ𝑃 = 2.1 bar 

 
b) 𝜔 = 8500 rpm, Δ𝑃 = 4.14 bar 

 
c) 𝜔 = 8500 rpm, Δ𝑃 = 6.22 bar 

 
d) 𝜔 = 8500 rpm, Δ𝑃 = 8.28 bar 

Fig. 30. The pressure difference between the maximum and minimum clearance  
for different eccentric conditions (Turbulent flow) 

3.4.4. Circumferential velocity gradient  

Fig. 32 presents the circumferential velocity gradient distribution along the axial direction 
under the turbulent regime.  

 
a) 𝜔 = 8500 rpm, Δ𝑃 = 2.1 bar 

 
b) 𝜔 = 8500 rpm, Δ𝑃 = 4.14 bar 
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c) 𝜔 = 8500 rpm, Δ𝑃 = 6.22 bar 

 
d) 𝜔 = 8500 rpm, Δ𝑃 = 8.28 bar 

Fig. 31. Circumferential velocity between the maximum and minimum clearance (Turbulent flow) 

 
a) 𝜔 = 8500 rpm, Δ𝑃 = 2.1 bar 

 
b) 𝜔 = 8500 rpm, Δ𝑃 = 4.14 bar 

 
c) 𝜔 = 8500 rpm, Δ𝑃 = 6.22 bar 

 
d) 𝜔 = 8500 rpm, Δ𝑃 = 8.28 bar 

Fig. 32. Circumferential velocity gradient in the maximum and minimum clearance (Turbulent flow) 

The circumferential velocity gradient in the minimum clearance changes from a negative value 
to a positive value. For the maximum clearance, the circumferential velocity gradient is close to 
zero. The large negative value of the circumferential velocity gradient in the minimum clearance 
results in the intense viscous effect in the seal. This dominant viscous effect leads to the negative 
direct static stiffness, even for the seal with low eccentricity ratios. For low ∆𝑃, the direct static 
stiffness is susceptible to be negative for high eccentricity ratios. The viscous effect is the main 
factor for the de-centering reaction force and the negative direct static stiffness under the turbulent 
regime. 
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4. Conclusions 

In this paper, the static stability of smooth annular liquid seal under different working 
conditions (rotational speed, axial distance drop and eccentricity) is discussed. A full three-
dimensional numerical model was established by CFD method to predict the flow characteristics 
under three different flow states (laminar flow, transition flow and turbulent flow). 

The magnitude and direction of the radial force on the annular seal is related to the flow state 
of the fluid inside the seal. The radial force is positive in laminar and transition flows, while it 
may be negative in turbulent flows. 

The 𝑅𝑒 increases as the rotational speeds increase. At 𝜔 = 2000 rpm, the flow state is 
dominated by laminar flow. As the rotational speeds increase, the transition flow (2000-7000 rpm) 
gradually transition to the turbulent regime (𝜔 > 7000 rpm).  

When the flow state changes from laminar state to transition static state, the direct static 
stiffness decreases, resulting in static instability of smooth annular seal. Rotor eccentricity affects 
the circumferential velocity gradient variation in minimum clearance, and for transition and 
turbulent flow in high eccentricity (𝜀 = 80 %), the dominant viscous effect and inertial effect lead 
to the negative radial force and the negative direct static stiffness coefficient.  

The radial force and direct static stiffness of the laminar flow state are positive. The transition 
flow only has negative direct static stiffness at high eccentricity, while the turbulent low 
eccentricity radial force and direct static stiffness have negative static stiffness coefficients even 
at low eccentricity. Hence, the smooth annular liquid seal shows best performance in the laminar 
flow and worst performance in the turbulent flow. 
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