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Featured Application: Compliant foil gas seal is an advanced cylindrical gas seal technology and
can be commonly used in the secondary flow system of aero-engine, natural gas compressor, and
other turbine machineries.

Abstract: Compliant foil gas seal is one of the advanced cylindrical gas seal technologies and can
be commonly used in the secondary flow system of an aero-engine. It can enhance the dynamic
stability of the aero-engine by meeting the steady requirements of the aero-engine seal system.
To evaluate the performance of compliant foil gas seal, the steady performance of the gas seal is
firstly analyzed to predict the sealing efficiency and obtain the pressure distribution of the gas seal
in the compressible flow field. Then, the effects of the operating parameters on the rotordynamic
coefficients are analyzed using the finite differential method. It can be used to predict the operation
performance of the aero-engine and prepare for the optimization and test rig of compliant foil gas
seal on the T-shaped groove.
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1. Introduction

The deformation generated by heat and vibration in the small seal gaps may lead to seal system
instability and failure [1,2]. To resolve the challenges and increase the control efficiency of the power
system response, the cylindrical structure of the gas seal was designed to avoid seal system failure and
improve efficiency with its compliant structure [3,4]. Compliant foil gas seal was one of the advanced
cylindrical gas seals and first introduced by Mohsen and Heshmat [5]. It can be used to reduce leakage
in extremely small gaps of the secondary flow system of the areo-engine, including in compressors,
turbine, and even other turbomachinery [6,7]. The compliant foil gas seal can increase the seal efficiency
and reliability of the aero-engine, and its main role is flexible ability in dynamic deformation [6].
Therefore, the numerical evaluation of the compliant foil gas seal is analyzed in this paper, and it is
beneficial to predict the performance of the compliant foil gas seal in a complex environment by meeting
the steady requirements of the gas seal. At the same time, the numerical evaluation also acquires the
optimization values of operating parameters and reduces the costs of the test rig [8]. To investigate the
numerical performance of the gas seal, the Reynolds lubrication equation and Hirs lubricate equation
was commonly used to solve the flow model in the related researches [9]. Nordmann and Dietzen [10]
derived a finite difference procedure to solve the dynamic coefficients of the seal at an eccentric position
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with a turbulent model. Ha [11,12] evaluated the leakage of different seals to acquire the prediction
using commercial computational fluid dynamics (CFD) software. Su [13] analyzed the numerical
performance of a cylinder gas seal on the T-shaped groove using CFD software. With the uncertainty of
CFD software analyses in the field of gas seal, Ma [14,15] developed the finite element method (FEM) to
analyze the quasi-dynamic characteristics of a cylindrical gas seal based on high dynamic performance
of the fluid lubrication bearing and numerical evaluation of rotordynamic coefficients of the spiral
groove. Lu [16] used the finite difference method (FDM) to acquire the numerical performance of the
cylindrical gas seal on the slot and spiral groove. Because of high accuracy and short computation
time, this study used the FDM to extend the analysis of the cylindrical gas seal presented by Lu [16]
and determine the rotordynamic coefficients of the compliant foil gas seal on the T-shaped groove.
In this paper, the steady performance of the compressible flow field of the compliant foil gas seal was
calculated using the different operating parameters, and pressure distribution was obtained to verify
the credibility of the numerical analysis. The rotordynamic coefficients were integrated by the gas
force in the seal area in this study, including stiffness and damping coefficients. The stiffness K and
damping D are important rotordynamic coefficients that provide the stability and instability of the seal
system [17,18].

2. Methods

Figure 1 illustrates the geometry of a compliant foil gas seal. This study assumes that the linearity
of the stiffness of spring bump foil is independent on bump deflection. The effect of the top foil
compliance is ignored. The laminar flow model is obtained by calculating the Reynolds number in
this paper.

Inlet Outlet

\—( Groove

Figure 1. Schematic of the compliant foil gas seal.
2.1. Governing Equation

The relevant non-dimensional Reynolds equation for the compressible flow of the cylindrical gas
seal can be presented as Equation (1):

0 (—dp\ R9(—=3p\ 9, -
_ 3_T _ 3 — A
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wherez,p, I, A, and 6 are, respectively, the dimensionless axis distance from inlet to the outlet, pressure,
gas thickness, compressible number, and circumferential angle with the following dimensionless
variables, given by Equation (2):

Z=Z7/R,p=p/pa, h =h/C,A = 6uwR?/(C?p,) )



Appl. Sci. 2020, 10, 3828 30f9

where L, R, C, Z, and & are, respectively, the seal length, rotor radius, mean gas thickness, axial length,
and gas thickness. Moreover, w is the rotor speed,  is the gas viscosity. p, the is standard pressure,
and p is the operation pressure. ¢ is the eccentric ratio. As given by Equation (3), the gas forces of Fy
and Fy are integrated by the dynamic pressure along the X and Y radial directions of the seal [5]. Fy
and Fy, are the gas force in the X and Y directions

L/2 2n
cos@
Fyx= f—L/2~[O‘ (p—pa){ sind }Rd@dz (3)

2.2. Rotordynamic Coefficient Approach

Stiffness and damping coefficients for the compliant foil gas seal are obtained by extending the
MATLAB code developed by Lu [16]. The evaluation of rotordynamic coefficients can be used in the
rotordynamic analysis of the system with assuring leakage and the system stability over the range of
the operating conditions. The effect of temperature on the stiffness values were not compensated by
the variety of the gas friction on the gas property. The direct stiffness (K, Ky;) and direct damping
(Dxx, Dyy) are important coefficients for the stability of the seal system. Cross-coupled stiffness (Kyy,Kyx)
and cross-coupled damping (Dyy,Dyyx) are related to the instability of seal system, which can be
determined by Equations (4) and (5) [16],

RL 1 20 — .
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3. Results

3.1. Numerical Analysis for Reliability

Ma [14] developed FEM to analyze the performance of the spiral cylinder gas seal based on the
Reynolds lubrication theory. The pressure distribution of the gas seal is obtained for testing case
validation in this paper, and the comparison of pressured results is shown in Figure 2. The number
of nodes and elements for FDM this research used is based on Lu’s paper, which is approximately
16,000. The inlet pressure is 301,325 MPa, and the speed is 10,000 rpm. The operation condition adjusts
according to the boundary condition [19]. This paper used the central difference method of FDM to
solve the pressure distribution rotordynamic coefficients. Figure 2a shows the non-dimensional film
thickness of the gas film. Figure 2b,c illustrates the results of the circumferential direction pressure
distribution with five different non-dimensional length positions at the T-shaped groove area and
smoothing area of the seal (axial direction z ~ 0.21, 0.42, 0.53, 0.64, and 0.85). As the approximate A =27,
the position z = 1 is far from the groove area, which is similar to the smoothing structure of Cheng [9],
and the pressure distribution of the other areas is almost the same. Therefore, the results were validated.
However, Figure 2c shows that the pressure of z = 0.21, 0.42, and 0.53 decreases abruptly in the near
thinnest position, which results from the impact of the groove on the pressure. Furthermore, Figure 2
also shows that the peak pressure is clearly higher than the smoothing area due to the influence of the
T-shaped groove. The rise of pressure is beneficial to improve the rotordynamic coefficients.
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Figure 2. (a) Description of non-dimensional gas thickness with non-dimensional length. (b) Description
of non-dimensional pressure with nondimensional length. (¢) Comparison of pressure calculated results.

3.2. Rotordynamic Coefficients with Eccentricity Ratio

Considering the initial condition, the equations of leakage, gas force, and rotordynamic coefficients
are numerically solved. The parameters for a typical turbine used in calculations are given in Table 1.

Table 1. The analysis layout of the gas seal [14,16].

Parameters Values
R(mm) 25
C (mm) 0.005
N 16
Gas medium air
The ratio of groove 0.6
Outlet pressure (Pa) 101,325

The FDM is employed to solve the obtained equation. In this section, 2D FDM analysis of the
compliant foil gas seal for different operating conditions is conducted. The steady performance of the
eccentric ratios is shown in Figure 3. It is still extremely significant to analyze the steady results of the
leakage, gas force, eccentric angle, and friction because these results are the basic performance of the
gas seal, and they can be guaranteed to study the stiffness and damping coefficients of the compliant
foil gas seal.
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Figure 3. (a) Description of leakage and force with eccentric ratio. (b) Description of attitude angle and
friction with eccentric ratio.

Figure 3a shows that leakage and gas force increases with the rise of eccentric ratio at approximately
10,000 rpm. The leakage changes at approximately 36.7%, and the gas force increases at approximately
83%, but the amplitude of the leakage is still relatively smaller than that of other seals, so the larger
eccentric ratio can be selected without the influence of the dynamic factor. As a result, the larger
eccentric ratio can be adjusted in the same conditions, including groove and operation parameters.
The trend can be nearly discussed by Equations (6)—(10) [20-22]:

C3(1 + ecos 6)® ap u
The integral results are obtained by the short bearing approximation, and dp/dx is neglected as
presented in Equation (7):
Q = ULCe. @)

Q is the leakage, and U represents the mean velocity. The symbols ‘+" and ‘~ indicate the velocity
direction. The gas flows from the high area to the lower area, which leads the leakage flow away, and
the mean velocity is positive. Therefore, the leakage will increase gradually with the eccentric ratios
increasing. The gas force, which is concluded by Equation (8), increases gradually and is consistent
with the regular short-bearing approximation. This is helpful to improve the rotordynamic coefficients.

F= yUL3e(n2(l - 82) + 1652)% /[4c2(1 - 52)2] (8)

Figure 3b shows the attitude angle §, and friction F¢ changes with the increase of eccentric ratios for
speed of 10,000 rpm. The attitude angle p decreases at approximately 55.6% as eccentric ratios increase,
which is beneficial to rotordynamic stability. Friction increases at approximately 77% with increasing
eccentric ratios. These are almost verified by Equations (9) and (10) of short-bearing approximations:

B= tan™! [n(l - 52)1/2/46] 9)

Fy = wULRm(1+ (1+¢))"/2/c(1-¢2)" (10)

As can be obtained in Figure 4, the impact of eccentric ratio on the rotordynamic coefficients can

be seen clearly from 0.6. The dynamic coefficients are relatively insensitive to changes in eccentric
ratio when the eccentricity ratio is smaller than 0.5. The absolute value of direct stiffness Ky and K,
shows almost the same trend, which arrives at a peak value as the eccentricity ratio is approximately
0.7. Similarly, the change of cross-coupled stiffness shows the same results. However, the amplitude
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of cross-coupled stiffness and damping abruptly increases as the eccentricity ratio is higher than 0.7.
This damages the stability of the rotor system, so it is necessary for the good performance of the
aero-engine to adjust the eccentric ratio to approximately 0.7.
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Figure 4. (a) Description of stiffness coefficient with eccentric ratio. (b) Description of damping
coefficient with eccentric ratio.

3.3. Rotordynamic Coefficients with Inlet Pressure

The inlet pressure ranges from 0.1 to 0.5 MPa as the value of the outlet pressure is always 0.1 MPa.
According to the graphs illustrated in Figure 5, the leakage increases at approximately 88.3%, and gas
force increases at 63.7% with the pressure ratio growing from 1 to 5. Beta and friction also increase at
61% and 15.1%, respectively. This shows that increasing pressure ratio is not beneficial to the steady
performance. The multi-stage gas seal can be considered.
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Figure 5. (a) Description of leakage and force with pressure ratio. (b) Description of attitude angle and

friction with pressure ratio.

As illustrated in Figure 6, the direct stiffness and direct damping are still indicated in the same
tendency, and the peak presents a rising trend with the increase in pressure ratio. Furthermore, the
cross-coupled stiffness and cross-coupled damping are almost symmetrical around a special value or a
linearity equation, and the amplitude gradually decreases with increasing pressure ratio. These variants
of rotordynamic coefficients show that the compliant foil gas seal can be applied in high-pressure ratio
conditions of the aero-turbine by guaranteeing a steady performance.
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Figure 6. (a) Description of stiffness coefficient with pressure. (b) Description of damping coefficient

with pressure.

3.4. Rotordynamic Coefficients with Speed

As can be seen in Figure 7a, the leakage drops at 0.5% and climbs slowly, but the variation of

leakage is extremely minor, and the gas force increases at 19.6%, with the inlet pressure growing from
6000 rpm to 16,000 rpm. Simultaneously, the attitude angle f decreases at 55.6%, and the friction rises

at approximately 62.5%.
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Figure 7. (a) Description of leakage and force with speed. (b) Description of attitude angle and friction

with speed.

As Figure 8 shows, the direct stiffness and direct damping still show a similar change and reach a
peak at approximately 12,000 rpm. In addition, the cross-coupled stiffness is almost symmetrical, as
well. The amplitude of the cross-coupled damping tends to the zero in limited conditions. The results

need to be optimized further.
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Figure 8. (a) Description of stiffness coefficient with speed. (b) Description of damping coefficient
with speed.

4. Conclusions

To obtain a high-performance aero-engine, the numerical evaluation of the gas seal was studied
to improve the efficiency in many studies. However, many numerical analyses of rotordynamic
coefficients for gas seals have been used in face gas seal, smoothing, and spiral cylindrical gas seals for
aero-engines, including CFD analysis. This study analyzes the T-shaped groove of the compliant gas
seal, and the steady performance of the compliant foil gas seal on the operating parameters is obtained
by FDM. Subsequently, the steady analysis can be extended to evaluate rotordynamic coefficients of
the compliant foil gas seal. These conclusions are mentioned in this study as follows:

(1) For leakage and gas force evaluation of the compliant foil gas seal, the inlet pressure has the
largest influence on the performance of the compliant foil gas seal. For the amplitude angle
and friction, the impact of eccentricity ratio is greater than other factors. It is clear that speed is
relatively small for the sealing system.

(2) Regarding the direct stiffness coefficient and direct damping evaluation, the analysis results show
the same tendency as the operation parameters change. The peak values of the direct coefficients
increase with the growth of the eccentric ratio. However, the peak values of the direct coefficients
decrease with the growth of pressure ratio and speed, which is harmful to the stability of the
rotor system, so the initial operating values should be paid more attention when the parameters
of the T-shaped groove need to be optimized further.

(3) Regarding the cross-coupled stiffness and cross-coupled damping coefficient evaluation, the
results show that they are almost symmetrical about the special value. Furthermore, they reach
the peak point with the same value of the eccentric ratio, speed, and inlet pressure.

(4) For the rotordynamic coefficient evaluation, it is necessary for plotting the prediction curve to
obtain more parameters and coefficients in the future.
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