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ABSTRACT Physical models carry quantitative and explainable expert knowledge. However, they have not been
introduced into gas face seal diagnosis tasks because of the unacceptable computational cost of inferring the input fault
parameters for the observed output or solving the inverse problem of the physical model. The presented work develops a
surrogate-model-assisted method for solving the nonlinear inverse problem in limited physical model evaluations. The
method prepares a small initial database on sites generated with a Latin hypercube design and then performs an iterative
routine that benefits from the rapidity of the surrogate models and the reliability of the physical model. The method is
validated on simulated and experimental cases. Results demonstrate that the method can effectively identify the
parameters that induce the abnormal signal output with limited physical model evaluations. The presented work provides
a quantitative, explainable, and feasible approach for identifying the cause of gas face seal contact. It is also applicable to

mechanical devices that face similar difficulties.
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1 Introduction

A gas face seal is a type of noncontacting mechanical
face seal, such as the type designed to work with a pair of
end faces separated by a gas film. However, various
faults can occur inside the seal and result in failures [1].
Many studies [2—7] have reported the use of online monito-
ring techniques to obtain real-time signals from mechani-
cal face seals (including gas face seals). However,
quantitatively determining the cause of an abnormal
observation found by the sensor(s) remains challenging.
Physical models for gas face seals have long been
applied in design tasks [8—10]; however, these models are
absent in diagnosis tasks, which should have been able to
provide quantitative and explainable expert knowledge
(unlike machine learning approaches [11-15] suitable for
systems with no or incomplete physical models). This
scenario is mainly attributed to computational reasons.
The physics-based diagnosis task can be abstracted as a
process of determining the input that results in an output
consistent with the signals observed through the physical
model or a process of solving an inverse problem. When
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the model is highly nonlinear and has no explicit inverse
expressions, a large number of evaluations are needed to
find the correct input (particularly when multiple
parameters are undetermined). However, the evaluation
of the physical model is costly. Such difficulties are
common in systems subject to complex numerical models
and do not have explicit equations for the inverse
problems.

The gas face seal dynamics model, which directly
governs the leakage and friction of a seal, is taken as a
typical example. The model discretizes the transient
Reynolds equation in space and time and couples it with
dynamic equations [16,17]. Solving the model demands
considerable time and storage costs. Some existing
dynamic models that linearize the transient Reynolds
equation for efficiency improvement, namely, semianalyt-
ical models [18,19], are effective when applied to
conditions close to a particular presupposed state. How-
ever, they are not applicable in diagnosis tasks, where the
seal state may deviate over an extensive range.

An alternative approach is using surrogate models
(metamodels or response surface methodology) [20,21] to
replace the physical model for massive iterations by
fitting a limited count of existing results. The surrogate
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model technique has already been widely recognized as
an optimal design tool in various fields [21-25]. In terms
of applications in the field of mechanical face seals
(including gas face seals), Liu et al. [26] established a
quadratic polynomial response surface model fitting a
seal ring vibration model for structure optimization.
Additional studies are needed to demonstrate the applica-
bility of surrogate models in mechanical face seals.

In the present work, targeting the task of determining
the fault parameters of a gas face seal using the monitored
acoustic emission signals is established to solve the
inverse problem of the seal dynamic model. This method
combines the advantage of the physical models and
surrogate models. The method starts with a small initial
database and uses rapid surrogate models instead of the
original physical model to speculate the input with
massively iterative optimizers. It also uses the physical
model results as a feedback mechanism to overcome the
limited accuracy of the surrogate models with small
databases. The method is demonstrated in both simulated
and experimental cases.

2 Model of gas face seal dynamics

A typical gas face seal structure is shown in Fig. 1. A
stator with a planar end face is flexibly mounted on a
fixed seat through springs and a secondary seal, and the
rotor is rigidly mounted on the rotating shaft. The rotor
has spiral grooves on its face (Fig.2). The pressure is
high at the outer radius and low at the inner radius. It is
sealed by a pair of relatively rotating faces. The following
are brief descriptions of the model.

(1) Geometry

As shown in Fig. 3, the stator moves with three degrees
of freedom, denoted as z, (axial displacement, which
increases with separation), ¥, (tilt angle around X axis),
and 7, (tilt angle around Y axis). Besides the rotation
speed w, the motion of the rotor, denoted as z, 7.,, and 7,,,
is assumed to be unaffected by the forces or moments.
Here, z is regarded as 0, and 7, and 7, fluctuate
periodically because of the perpendicularity error
between the rotor face and the rotation axis. Their values
are given by the angles around axes X and Y at r=0
(¢ refers to the time), denoted as ¥,,o and ¥,,0, respectively.

ZS
Us=|7|s (D
Vsy
Z, 0
U =7 |=| Vaocos(ot) +y,,sin(wr) |, )
Py Yoo SIN(@1) + 7, COS(1)
h=h+he+[1 y —x|U.-U)), (3)

where U, and U, denote the motion of the stator and the
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Fig. 1 Typical structure of a spiral groove gas face seal.
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rotor, respectively, 4 is the gas film thickness defined on
the annulus area Q = {(x, W < A2 +y* < ro}, between
the inner radius r; and the outer radius r,, and /g denotes
the contribution of the grooves (see Fig. 2), which values
the depth A, in the groove and 0 otherwise, as

_ | hyy, in the spiral grooves,
hery = {0, on the land. )

(2) Lubrication
We consider the gas to be ideal and inertia free with
constant temperature and viscosity and the flow to be
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laminar and nonslipping at the boundary. Under these
conditions, the absolute gas pressure in the film, p, is
governed by the transient average flow Reynolds
equation [27] with Dirichlet boundary conditions, given
by

oph’_ \ _ @d(ph) 9(ph)
V(lzuv)_ 200 ' o1 ®)
pl — — pis
r=r 6
{ Pl = Dos ©

where a point is denoted as (r,6) in the polar coordinate
system, and is adopted for convenience, u denotes the gas
dynamic viscosity, p; and p, are the boundary pressures at
the inner radius r; and outer radius r,, respectively, and ¢
is a flow factor given by [27]

h
p=1-09exp (—0.56;), (7)

where o, is the standard deviation of surface height.

(3) Contact

Contact does not occur when the gas face seal operates
properly. However, a wide range of faults or low-speed
operation may result in contact. Fan et al. [28] stated that
light face contact can be considered elastic. Given the
summit heights obeying a Gaussian distribution, the
contact pressure p, is simulated as [29]

W — W,

)dw, (8)

3

4 Lr(w=h)
pe=p.()=3ER: | ¢(
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where ¢ (-) denotes the probability density function of the
standard normal distribution, and w denotes local surface
height. The properties of the roughness of the contacted
faces are described with E, #,, R,, w,, and o, referring to
elastic modulus, asperity density, average asperity radius,
mean of asperity height, and standard deviation of
asperity height of an equivalent contact pair.

Face contact generates acoustic emissions, which have
been considered an effective monitoring approach by
researchers [1,4—6]. The short-time root-mean-square
(RMS) is modeled as [28,30]

V=KV,=K J H %ermf (W;Sh)zqs(w;m)dw, )

S

where K is the coefficient describing the transmission
from the acoustic emission source (with RMS V) to the
signal sent out by the sensor, assumed to be constant, and
V is the RMS value of the signal.

(4) Dynamics

The motion of the flexibly mounted stator is governed
by

MU, +CU,+KU,=P;+P.+P,+P,  (10)
where the inertia of the stator and the support provided by

the springs and secondary seal (modeled as linear
damping and stiffness) are considered as

M, = diag(m, J,J),
C, = diag(cg, ¢y cy),
K, = diag (kg k. k).

The inertia properties are described by the inertia
matrix M, (consisting of mass m, moment of inertia J);
and the damping and stiffness are described by the
damping matrix C, (consisting of axial and angular
damping ¢, and c¢,) and the stiffness matrix K,
(consisting of axial and angular stiffness k. and k,,). The
damping and stiffness are considered to be potentially
abnormal, modeled by being scaled by a scaling
coefficient Q,, as

(11)

[kszvksy’ Cszacsy] = Qs [kszo’ksyo’ Cs:05 CsyO] . (12)
The generalized forces in Eq. (10) are defined as
P, = [H pdQ  [[pyd@ - |f deQ]T, (13)
Q Q Q
P.= [ff pdQ  [JpydQ - [f chdQ]T, (14)
Q Q Q
T
sz[Fb 0 o], (15)
T
P=[F M, M,]. (16)

P, has only one component, F,, which comes from the
pressure at the back of the stator and the preload. P, is
equal to P; when U;-U,=0 (P.=0, as in a noncon-
tacting seal at the designed state), which is how A, is
determined. P contains the faults modeled by the forces
or moments exerted on the stator.

The six parameters listed in Table 1 correspond to the
common faults in gas face seal applications. These
parameters are considered for identification. The axial
compactness change can be represented as an axial force
F exerted on the stator. The asymmetry of the stator
support is abstracted into the moments M, and M,. The
stiffness and damping of the stator support may differ
from their design performance because of assembly faults
or aging. Thus, they are modeled using a scaling
coefficient Q.. The rotor tilt components y,, and y,,
commonly occur because of assembly errors. “

The fixed parameters are listed in the Appendix.

Table 1 Suspended causes and their respective ranges

D imeqsion Parameter Lower - Upper
index j bound /; bound u;
1 Axial force exerted, F/N —-100 100

2 Moment exerted around X, M,/ (N-m) -5 5

3 Moment exerted around ¥, M, /(N -m) =5 5

4 Support stiffness and damping scale Qs 0 100

5 Rotor tilt around X at r = 0, y,/mrad —0.5 0.5

6 Rotor tilt around Y at 7 = 0, y,,/mrad —-0.5 0.5
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3 Establishment of surrogate models
3.1 Test design and initial database

A surrogate model must be established based on an
existing database consisting of physical model results.
The evaluation of a physical model is expensive. Thus,
the evaluation sites must be carefully decided, a process
known as test design. Popular test design methods for
computer experiments include full factorial design,
fractional factorial design, central composite design,
Box—Behnken design, Latin hypercube design (LHD),
maximum entropy design, minimum integrated mean
square error design, maximin/minimax design, and ¢,-
design [20,31-33]. The LHD approach has a good space-
filling ability and can be implemented conveniently.
Thus, it is used in the present work.

For M, sites with P variables (P =6 here), the LHD
scheme can be performed as follows [31].

A matrix D is generated. Each column of which is a
random permutation of 0 to (M, —1).

D = {d) (17)
Given that the parameters are uniformly distributed, the
parameters are then randomly generated according to the
level indices d; as
di+9;
M,

MyxP*

V,‘j =l/+

(uj_lj), l= 1,2,...,M0, ]= 1,2,,P,

(18)
where v; contains F, M., M,, Q,, 7,,, and y,, for (j =1,
2,..,6) at site i, and u; and [, are the upper and lower
bounds, respectively. J;; is uniformly distributed from 0 to
1.

M, =100 sites are designed using LHD, as summarized
in Table 2. The initial database is generated by evaluating
the physical model at these sites.

3.2 Kriging model

As a preprocessing step, standardization is first performed
to provide the data with a mean of 0 and a variance of 1.
This step is applied to each input dimension to give
x=[x x xp]. For the output, V; is sampled at
Q =50 uniformly distributed time steps in a period, and

Table 2  Sites designed by LHD for the initial dataset

No. F/IN  My/(N-m) My/(N-m) Qg po/mrad y,o/mrad
1 -92.0 —2.02 -3.09 82.9 0.147 -0.101
2 —60.8 —4.16 2.95 10.7 0.052 0.498
3 63.5 -3.35 —-1.86 12,6  —0.075 -0.231
99 17.3 -1.61 3.94 177  —0.144 —0.433
100 82.5 4.66 0.90 183  -0.290 -0.378

the standardization is applied to all time steps, where V
is sampled, instead of on each dimension, yielding
Yy =[V1>¥2---¥0]. The training dataset is denoted as
W ={(x®,y") |k =1,2,...,M} or in matrix form as X =
[me x@T ... x™T1T and y:[ymT y<2>T y(M>T]T:
[y, Y, Yyl

Multiple methods for establishing surrogate models
have been developed, including polynomial response
surfaces, support vector machine regression, and the
Kriging model [20]. The Kriging model has been
frequently used in recent surrogate model studies because
of its good performance for problems with strong
linearity and small sample. Our preliminary studies
demonstrated its advantages. The Kriging model has
several variants; in particular, the universal Kriging
model is employed here [34].

The output dimension y; is assumed to be a random
variable Y;(x) depending on x, composed of a
deterministic polynomial model f,(x)B; and a random
variable Z; (x) submitting to a Gaussian process of x as

Y;(x)=f,(x)B;+Z;(x), (19)
where Z;(x) has a mean of 0, a variance of 0'?, and a
covariance of

Cov(Z;(x),Z;(x")) = R (x,X). (20)

The estimated output §; and its estimated variance $3
are

9= fB,+rR"(Y,~FB)), @1

§§:a§(1—[f ’][2 IIV;] [{TTD (22)

where R denotes the correlation function, which is used in
the correlation matrix of the sample R and the correlation
vector for a general input r, F denotes the polynomial
model output of the sample, f denotes the polynomial
model output for a general input, and B, is the Kriging
model coefficent found.

R(xV,xD)  R(x",x®) R(xM, xM)
R(x®,xM)  R(x?,x?) R(x®,x™)
R= : : - : ’
R(x™,xM)  R(x™, x®) R(x™, x)
(23)
r:[R(x,x“)) R(x,x?) R(x,x(M))], (24)
£,
J(x?)
F=|""" "], (25)
S, (x")
S =1, (26)
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B,=(F'R'F) F'RY, 27)
R 1
S? = M
A Nugget effect [35] is appended to ensure stability:
R is calculated as (R+N)"', where a tiny diagonal
matrix N = 107*1 is added before calculating the inverse.
The probability density of y; at a targeted value y’ can
be estimated as

Y,-FBR'Y,-Fp, (28)

1 (Y'—f’/)z
glx; X, Y.,y = exp(——A‘ . (29)
( ) V23, 282
A commonly used correlation function family is the
anisotropic Gaussian exponential function, with scaling
parameters @ =[6, 6, 0» ] and exponential parame-
tersp=[p1 P2 pr ], given by

, [N m
R(x,x)=exp[—I—J;(0k||x,-—xi|| )) (30)
Note that the parameters 6 and p are consistently
applied to all dimensions of y. In the present study, they
are restricted to the ranges 1/64 < 6; < 64 (scaled logarith-
mically during optimization) and 1 < p; < 2, optimized by
minimizing [36]

L(0.p) = G

N

[Y

o 0
Zlns§+§1n|R|,
j=1

which is realized with an interior point method [37].

A static surrogate model can be established from the
initial database. Eight test sites are randomly set for
testing according to a uniform distribution, as summa-
rized in Table 3.

The discrepancy measurement d is defined as

é (y,- _Y})z

S0 0)

A comparison of the true output at the test sites and the
output estimated by the surrogate model is presented in

d(y.y) = (32)

Table 3 Sites randomly set for testing

No. F/N M,/(N-m) M,/(N-m) Qg ppo/mrad 7y,,/mrad
1 -56.2 —4.53 1.79 67.9 0.435 —0.116
2 3.9 3.31 —4.65 5.3 0.030 0.171

3 —98.5 -1.17 —4.33 41.7 0.187 0.089
4 86.1 3.46 0.27 9.2 0.154 —0.084
5 40.2 4.10 2.62 262  —0.453 0.236
6 -34.4 1.33 2.56 99.1 -0.135 —-0.253
7 96.5 2.23 2.53 652 0427 0.132

8 76.9 —2.27 —0.64 76.6  —0.022 —0.262

Fig. 4(a), along with the discrepancy defined above. The
surrogate model reflects the overall trend for several
cases but does not perform well in others. Although one
can eventually find a database large enough to generate a
surrogate model with satisfactory accuracy, this approach
is against the initial purpose of decreasing the number of
physical model evaluations. Given the small sample size
(100 observations for six dimensions) and the strong
nonlinearity of the problem, the result can be regarded as
successful in terms of the sparse training set.

Although the accuracy is limited by the database size,
the estimation for the distribution provides information
about the uncertainty, which can be used to support
decision-making. The 95% confidence range is plotted in
Fig. 4(a). The ratio of the error to the estimated standard
deviation ((§;,—y,)/§,) is plotted in Fig. 4(b), along with
the probability density function of the standard normal
distribution, which it should obey. The consistency
between the two demonstrates that the probability
estimation is reasonable.

We establish a probability-based criterion for
determining the sites for physical model evaluations by
taking advantage of this feature. Thus, an efficient
method is presented by dynamically updating the
surrogate model while searching for the desired input
using the feedback acquired from the physical model.

4 Probability-based iterative method for
solving the inverse problem

The present study aims to determine the causes of the
abnormal signals. This inverse problem can be abstracted
as a process of searching for an identified ¥ of the input
x’ for an observed output y’, or

Y=yx)=yX), (33)
where y(x) denotes the physical model of the gas face
seal, which fetches the input parameter x and returns the
standardized fluctuation of Vj as output.

The genetic algorithm is considered because the
mathematical nature of y(x) (i.e., multimodality, strong
nonlinearity) is unclear, and its derivative cannot be
analytically deduced [38,39]. Genetic algorithms can
handle problems with weak mathematical conditions and
undefined derivatives. However, they require a large
number of iterations. Thus, they cannot be directly
applied to the physical model. Enlightened by the idea of
Bayesian optimization [40], we employed the surrogate
models to construct the objective function for the genetic
algorithm, which can be evaluated rapidly.

Therefore, a probability-based iterative method is
established. Based on all available results from the
physical model, the next point for evaluation is
determined by
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Fig. 4 Estimation of the surrogate model established on the initial database: (a) comparison of the true output and the estimated output;

(b) density of the scaled error.

0
x" = argmax G (x) = argmax l_[g(x;X, Y(,»,y;.), (34)
xes xes =1
where S denotes the feasible region when searching for x,
as listed in Table 1.

The function G(x)""? is used as the fitness function for
the genetic algorithm, where the power 1/(PQ) is applied
to prevent an extreme product of probability densities.
Compared with using the discrepancy definition in
Eq. (32) for the optimization, using this probabilistic
expression encourages the algorithm to be sensitive to the
error on sites with low randomness, allowing early escape
from the local minimum.

Then, the physical model is evaluated at x*. The result
acts as validation because the surrogate model may not
always be sufficiently accurate, particularly when a
limited database is used. If the iteration continues, the
result is added to the database, thereby updating the
surrogate model near the site that it previously identified.

The whole method proceeds in the following cycle
(illustrated in Fig. 5):

(1) Prepare the initial database W,, as described in
Section 3.1. The database is denoted by W, which is

dynamically updated.
(2) Terminate and return the (x?,y?) in W with
minimum  d(y?,y’) as the identification if

AP, y") e W:d(y?,y’) < dr or the iteration limit k; has
been exceeded; otherwise, proceed. Here, discrepancy
termination threshold d; and maximum iteration count ky
are set to be 0.02 and 100, respectively.

(3) Establish a surrogate model on the database W (as
described in Section 3.2).

(4) Find the x* by optimizing Eq. (34) using the genetic
algorithm.

(5) Evaluate y* = y (x*) at the maximum point found in
step 4 and add the newly obtained (x*,y*) into the
database W. Then, go back to step (2).

The infeasible cost of evaluating the physical model
numerous times is avoided using the above method, with
the surrogate models used instead. Additionally, the
relatively low accuracy of the surrogate models with the
limited database is overcome using the reliable physical
model results as feedback. Therefore, the method
combines the rapid evaluation speed of the surrogate
models with the accuracy of the physical model.

5 Results and discussion
5.1 Validation of simulated cases

The simulated outputs of the sites listed in Table 3 were
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Fig. 5 Schematic flowchart of the inverse problem solution procedure.

provided to test the proposed method by identifying the
axial force F, moment M = \/M?+ M?, support stiffness
\ Voo V?v()' The
moments around the two axes were combined and the tilts
around the two axes were also merged because
identifying their phases does not make sense in practice.

The identification results of all cases are presented in
Table 4 and Fig. 6. For cases 1, 2, 3, 5, and 6, early
terminations occurred because highly similar outputs
(with discrepancy less than dr = 0.02) were found. For
the other cases, the iterations were terminated because the
maximum iteration count (k; = 100) was reached. More-
over, the x corresponding to the minimum discrepancy
found was returned. Figure 7 exhibits the iteration
process toward the target y’ in each case. Each iteration
costs approximately 5.5 min on average, within which
approximately 4.5 min is the cost for solving the physical
model with an 8 x 3 GHz computer.

The method shows the following performance:

(1) The identifications for M are generally close to the
respective ground truths. Except for case 2, where the
absolute error reaches 1.51 N-'m, all cases exhibit an
absolute error of M less than 0.8 N'm .

(2) The identifications for F fall into great errors in
cases 2 and 4. This scenario is mainly attributed to a
weakness in following the high-order oscillation features

and damping scale Q,, and rotor tilt y, =

in contact signals.

(3) The identifications for Q, and y, show considerable
errors. However, the existing studies on seal dynamics
concluded [16,41] that the support stiffness and damping
affect the relative motion of seal faces by impeding the
tracing ability, thereby scaling the effect of rotor tilt. This
finding means that the effects of Q, and y, on the contact
are highly similar. The analysis of Q,y, is appended in
Table 4 and Fig. 6, showing relatively small errors.
Therefore, the weakness in recognizing Q, and y, is due to
their physical confounding.

(4) For five of the eight cases, the iteration is
terminated to find a highly compatible match (three of
which have less than 10 iterations). For the other cases,
the requirement of early termination is not met; however,
outputs with discrepancies of less than 0.05 are found
within the limit of 100 iterations. This finding shows a
balance between opportunism and robustness.

In summary, the validation using simulated cases shows
that the method has good performance in identifying M
and Q;y, in the task of rooting the causes of face contact
in limited iterations.

5.2 Validation of experimental cases

Experimental data were employed to validate the
performance of the proposed method. In our previous
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Table 4 Validation of the simulated cases by comparing the true and identified parameters

No. Parameter type F/N M/ (N-m) Qs y,/mrad Qsy,/mrad Iteration count Discrepancy
1 Truth -56.2 4.87 67.9 0.450 30.6
Identified -71.9 4.36 69.0 0.462 319 34 0.019
Error -15.7 —-0.51 1.1 0.012 1.4
2 Truth 3.9 5.71 53 0.174 0.9
Identified -92.8 4.20 39.2 0.034 1.3 8 0.009
Error -96.7 —-1.51 33.8 —0.139 0.4
3 Truth —98.5 4.49 41.7 0.207 8.6
Identified -92.9 4.68 85.5 0.105 9.0 9 0.006
Error 5.5 0.20 43.7 —0.102 0.3
4 Truth 86.1 3.47 9.2 0.175 1.6
Identified -3.8 2.72 15.1 0.158 2.4 43/100 0.045
Error —89.9 —-0.75 59 —-0.017 0.8
5 Truth 40.2 4.87 26.2 0.510 134
Identified 60.4 491 80.0 0.160 12.8 7 0.017
Error 20.2 0.04 53.8 —0.350 —0.6
6 Truth -34.4 2.89 99.1 0.287 28.4
Identified -31.0 2.58 68.5 0.451 359 35 0.019
Error 33 -0.31 -30.6 0.165 2.5
7 Truth 96.5 3.37 65.2 0.447 29.1
Identified 96.9 2.82 81.8 0.439 35.9 14/100 0.040
Error 0.4 —0.55 16.6 —0.008 6.7
8 Truth 76.9 2.36 76.6 0.263 20.2
Identified 87.6 2.49 68.1 0.278 19.0 56/100 0.048
Error 10.7 0.13 -85 0.015 -1.2
100 FIN K M/(N-m)
° .
-~ 6
L]
50 \
o,’
3 3 Teo. -
= = 4 P Simulated cases
‘g 0 ) ‘g + Experimental cases
= ',," = S Ideal estimation
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g 0 g 7 E .
5} O O 34
= ° = = .
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L .. N 7 o'(.
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Fig. 6 Actual values of the queried parameters and their respective identified values. M and Qgy, are identified well. Qs and y, are
difficult to be discriminated because of physical reasons.
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1-8.

study [4], acoustic emission signals were obtained from a
gas face seal running at 600 r/min and 0.4 MPa (see test
rig in Fig. 8(a)). The signals were processed with a
band-pass filter (centered at 160 kHz with 40 kHz width,
which successfully filtered out the noises), and the RMS
of each short-time wave was calculated.

Unlike validation on simulated cases, one cannot rule
out unintentional errors in experimental processes. The
strongest starting process data (found at 60 r/min, see
Fig. 8(b)) were compared with the simulated low-speed
operation results to determine K in Eq. (9) because this
moment is when the contact is the strongest (the RMS is
not that high because of the low speed). Thus, it is the
point that is least affected by unintentional errors. The
simulated V, here is 1.28 W®°. Thus, K is estimated to be
21.1 mV-W™

A loading mechanism appended to the test rig exerted a
force at an eccentric point on the stator, as shown in
Fig. 8(a). In cases 1, 2, and 3, the axial forces of 29.7,
54.6, and 79.5 N were exerted, respectively, at a point 51
mm eccentric from the axis, thereby inducing a moment.
These are the only known components. The unintentional
components of F and M, as well as the value of Q, and y,,

are inaccessible. However, they are assumed to be minor
factors here.

The results are presented in Table 5 and Figs. 6 and 9.
From these results, we can state the following:

(1) The trend of the identified " and M is consistent
with the exerted values. The systematic bias in M may be
caused by unintentional factors in the experiments that
aggravate the contact.

(2) The spire in the experimental observation of case 1
fails to patch with physical model results, represented by
high discrepancy (0.195). This phenomenon probably
comes from the face deformation and no longer appears
explicitly in cases 2 and 3, where the intentionally
controlled factors have great dominance.

(3) The values of Q,y, are approximate across the three
cases (compared with its range of 0 to 70.7 mrad). This
finding demonstrates the effectiveness of the identifica-
tion by obtaining consistent results.

The proposed method was proved effective in real-life
experimental cases on the basis of the above results.
Given the advantage of using the physical model as a
basis, one can reconstruct the detailed transient motion
and lubrication states of the seal, as shown in Fig. 10.
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Fig. 8 (a) Test rig for exerting abnormities and online monitoring and (b) filtered acoustic emission RMS during startup.

Table 5 Validation of the experimental cases by comparing the exerted and identified parameters and checking the consistency of parameters not

changed through the experiments

No. Parameter type F/N M/(N-m) Qsy,/mrad Iteration count Discrepancy
1 Exerted -29.7 1.51 -
Identified =375 2.16 6.0 88/100 0.195
Error -7.8 0.65 -
2 Exerted —54.6 2.78 -
Identified —85.7 3.72 12.1 7/100 0.088
Error -31.1 0.94 -
3 Exerted =79.5 4.05 -
Identified —87.5 5.01 53 65/100 0.047
Error -8.0 0.96 -
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Fig. 9 Experimental data and results found by the method for each case. The dashed lines denote the initial and improving steps; the
black and red solid lines denote the searched target and the result found, respectively. (a)—(c) correspond to cases 1-3.

This approach is useful for comprehensively explaining
the result or establishing a digital twin system.

6 Conclusions

(1) A surrogate-model-assisted method is developed to
solve the computational difficulty of the inverse problem
abstracted from physics-based diagnosis tasks of gas face

seals by efficiently inferring the input for a targeted
output. The method starts with a small initial database. It
performs iterations that take advantage of the rapidity of
the surrogate models and the reliability of the physical
model.

(2) For the establishment of the surrogate models of the
signal output, the Kriging model is validated as capable
of using small multivariable databases to provide rapid
estimations of the output distribution instead of merely an
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Fig. 10 Reconstructing the detailed relative motion and the separation and pressure distributions by taking experimental case 2 as an
example.

expectation. Thus, it provides good support in determi-
ning the optimal evaluation sites of the physical model
while an extensive database is inaccessible.

(3) The rapid surrogate models are employed for the
construction of objective functions for large-scale
iterations to find optimized sites for physical model
evaluations, thus overcoming the infeasibility of applying
massively iterative search algorithms to the physical
model. The physical model is evaluated at the selected
sites to provide detailed feedback to the surrogate models
and overcome the limited accuracy of the surrogate
models on small databases. The physical model is
evaluated only a limited number of times using such an

x107¢
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iteration routine. However, the expert knowledge in the
physical model is delivered by the surrogate models, and
the reliability of the final result is ensured.

(4) The proposed method is validated on simulated and
experimental cases of gas face seal dynamics. The results
demonstrate that the method can effectively identify the
fault parameters inducing the signal output in limited
physical model evaluations.

The work presented in this paper provides a
quantitative, explainable, and feasible approach for
identifying the cause of gas face seal contact. The method
is also suitable for diagnosis tasks in mechanical devices
that face similar difficulties.
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Appendix g Probability density of consistent output
h Film thickness field
The physical model of the gas face seal uses the hy Film thickness on the land at U, — U, = 0
parameters listed in Table Al Ryre Groove contribution to film thickness field
N Depth of the spiral grooves
Nomenclature J Moment of inertia of the stator
ks, ks, Axial and angular stiffness, respectively
Csr Cy Axial and angular damping, respectively ko, koo Baseline axial and angular stiffness, respectively
C:05 Cep0 Baseline axial and angular damping, respectively kr Maximum iteration count
C. Damping matrix of the stator K Coefficient of the acoustic emission transmission
d Discrepancy measurement
K, Stiffness matrix of the stator
dr Terminating threshold for discrepancy measurement
D.d; Random permutation matrix for Latin hypercube design Lt Lf)wer bound “and upper bound of - design variables
(=12, Myj=1.2...P) (j=1,2,...,P), respectively
E Elastic modulus of the equivalent contact pair L(0.p) Object function for training the parameters (6,p) of the
F Exerted axial force modeling seal faults correlation function
F, Closing force at U, — U, =0 m Mass of the stator
fq (x) Different forms of products of the components of x (of order M Moment exerted modeling seal faults
not higher than ¢) M, Target count of sites for Latin hypercube design
Table A1 Fixed parameters of the gas face seal
Classification Parameter Value
Geometric parameters of the seal face Outer radius, r,/mm 61.6
Inner radius, r;/mm 51.6
Spiral groove inner radius, rgpr/mm 55.5
Spiral groove angle, Bspc/(°) 15
Groove depth, Agy /um 6
Groove count, Nypy 12
Mechanical parameters Stator mass, m/kg 0.2
Stator moment of inertia, J/ (kg-mz) 3.5x107
Baseline axial stiffness, kg.0/ (N . m‘l) 1.64 x 104
Baseline axial damping, cso/ (N .S m’l) 1x103
Baseline angular stiffness, ks,o/ (N -m- rad‘l) 31
Baseline angular damping, csy()/(N ‘m-s- rad_l) 1.4
Equivalent contact pair parameters Standard deviation of surface height, o, /um 0.177
Standard deviation of asperity height, o~/um 0.170
Mean of asperity height, ws/um 0.114
Asperity density, 175/um‘2 0.133
Average radius of asperity tips, Rs/um 3.02
Elastic modulus, E/GPa 151
Working medium Gas dynamic viscosity, u/(Pa-s) 1.8x 1073
Gas density under 0.1 MPa pressure, p/ (kg . m‘3) 1.2
Operating condition parameters Gas pressure at inner radius, p;/MPa 0.1
Gas pressure at outer radius, p,/MPa 0.4
Closing force, Py /N 1320.1

Rotation speed, nw/(r-min“) 600
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Moment around X and Y axes exerted modeling seal faults,

respectively

Inertia matrix of the stator

Nugget effect matrix

Film pressure field (absolute pressure)
Solid contact pressure field

Boundary pressure on inner and outer radii, respectively
Exponential vector and

parameters as components

(i=1,2,..., P) of the correlation function, respectively

Count of design variables

Generalized force exerted modeling seal faults
Generalized closing force at U,—U, =0

Generalized force of solid contact

Generalized force of the fluid film

Count of time steps

Scaling coefficient of the support stiffness and damping
Polar coordinates

Inner and outer radii of the tribol-pair, respectively
Correlation function

Average radius of asperity tips of the equivalent contact pair

Correlation matrix of the training samples

Estimated standard variance of the dimension j of the
Kriging model output (j = 1,2,...,0Q)

Time

Generalized displacement of the rotor

Generalized displacement of the stator

Design results for the P variables on M, sites by Latin

hypercube design
Root-mean-square value of the monitored acoustic emission

signal

Root-mean-square value of the generated acoustic emission
signal

Surface height of the equivalent contact pair

Mean of asperity height of the equivalent contact pair
Dynamically updated database for surrogate models

Orthogonal coordinates

Input vector and components (i = 1,2, ..., P) to the surrogate

models, respectively

Dataset of input to the surrogate models as matrix and
samples (k = 1,2, ..., M), respectively

Output vector and components (j=1,2,...,0) to the
surrogate models, respectively

Estimated output vector and components (j = 1,2,...,Q) to

the surrogate models, respectively

Dataset of output to the surrogate models as matrix and
samples (k = 1,2, ..., M), respectively

Axial displacement of the rotor

Axial displacement of the stator

z;(x) Random variables submitting to the Gaussian process of x
(G=12,...,0)

B ; Coefficient toward dimension j of the output vector

Ve Tilt angle of the rotor

Yexs Py Tilt angle around X and Y axes of the rotor, respectively

Y1205 Vry0 Tilt angle around X and Y axes of the rotor at =0,
respectively

Vsxs Vsy Tilt angle around X and Y axes of the stator, respectively

5y Random  variables for Latin  hypercube  design
(i=12,...My; j=1,2,...,P)

s Asperity density of equivalent contact pair

@ Probability density function of the standard normal
distribution

4 Flow factor for the average flow Reynolds equation
Dynamic viscosity

o, Standard deviation of the surface height of the equivalent
contact pair

o Standard variance of the Gaussian process (j = 1,2,..., Q)

[ Standard deviation of the asperity height of the equivalent
contact pair

Q Area of the tribol-pair

w Rotation speed

9, 0, Scaling parameters as vector/components (i = 1,2, ..., P) of
the correlation function
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