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The high-pressure gas cylinder is the pressure source for liquid propellant engine valve control. Leakage is a significant cause of
pressure loss in gas cylinders, leading to engine control failure and serious flight accidents. In this paper, a model-based approach
to estimate the leakage area and remaining useful life (RUL) of gas cylinders is proposed. To estimate the leakage area, a state
space representation of the cylinder system is developed based on the nonlinear model derived from momentum, energy, and
continuity equations. Leakage is defined as a system state, and an extended Kalman filter (EKF) as a state observer is
implemented to estimate the leakage area. Internal pressure measurements of the gas cylinder are required as output
parameters in the estimation process. Then, the estimated states are fed into the nonlinear model to iteratively calculate the
RUL of the cylinder. To evaluate the effectiveness of the proposed method, scaling leakage test data, computational fluid
dynamics (CFD) simulation results, and liquid rocket engine (LREs) hot test data are used. Calibration results have proved the
validity and universality of the method, with the mean absolute error (MAE) for the remaining 80% useful life prediction
results being less than 0.02, 0.04, and 1.10. This study can provide technical support for fault tolerance control and orbital
replanning in case of control gas cylinder leaks.

1. Introduction

Liquid propellant engines are chemical propulsion systems
with liquid propellant as the working medium providing
most of the thrust for launch vehicles. Control gas cylinders
are part of the control system. Although the pipelines
between control gas cylinders and controlled valves are pro-
tected against damage, the strong shock and vibration of
engines often induce leaks. Leaks can lead to pressure loss
and cause control system failure [1]. Due to the fault toler-
ance design, the control system fails only when the cylinder
pressure drops to the critical value. This way, timely and
accurate estimation of the leakage area and predicting the
time between the current moment to the moment of cylinder
failure, i.e., RUL for fault tolerance control and orbital
replanning, can significantly decrease the impact of the cyl-
inder leakage fault on the flight missions [2].

Recently, we have carried out extensive research on the
problem of leak severity estimation, and we found few studies
related to cylinder leakage. However, over the years, many
methods have been developed to diagnose leaks in pipelines.
There are two methods for diagnosing the pipeline leakage
fault, hardware based and software based. Hardware-based
approaches rely on the usage of special sensors and focus
on leak fault detection and location, which is difficult to
achieve for a flying vehicle. Software-based methods apply
computer programs to achieve leakage fault diagnosis, which
can be further classified into data-driven and model-based
approaches. The data-driven methods must be supported
by a large amount of test data. The leakage fault of the gas cyl-
inder is a fatigue failure caused by the shock and vibration
during the engine running, and the vibration continuously
acts on the cracks, maybe leading to the changing of the leak-
age area. Thus, the leakage areas of different tests are diverse,
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leading to different dropping rate cylinder pressure in differ-
ent tests. Therefore, the data-based approach cannot accu-
rately estimate the leakage area and RUL of the cylinder.
The model-based methods can be established through the
dynamic model of the system. One of the model-based
methods, namely, fault model approach (FMA), enables
online estimation of leakage. The main idea of this approach
is based on the estimation of unmeasurable state variables
associated with the leakage fault. The observer uses pressure
or flow rate measurement, and no more sensors or equip-
ment are required. In [3], the high-pressure gas pipeline
was modeled as a linear parameter varying (LPV) system,
and the differential Kalman filter was used as the observer
to estimate the leaks. In [4], a nonlinear model derived from
the water hammer equation (WHE), and the EKF observer
is employed to evaluate multi leaks in pipelines. In [5], the
flow rate inside the pipeline is modeled by some partial dif-
ferential equations (PDEs), and the characteristic method is
used to transform the PDEs into ordinary differential equa-
tions (ODEs). A robust EKF is utilized to estimate the state
along with the leakage rate. In [6], the Fisher fusion method
is implemented to enhance the performance of the EKF
observer for leakage estimation. In [7], an EKF estimator
and steady-state estimator mixed approach is proposed to
improve the leakage estimation accuracy. In [8], temperature
variations are considered in the WHE model, and an exact
differentiation-based observer was employed to detect and iso-
late leaks in a plastic pipeline under temperature variations.

These studies have largely solved the problem of pipeline
leakage estimation. Based on the mathematical model of
pipelines and the commonly used EKF observer, unmeasur-
able state variables like leakage rate or leakage positions are
estimated. However, the dynamic models of the pipeline
are not applicable to gas cylinders. In addition, these studies
are also not involved with the RUL prediction of gas cylin-
ders. In [9], the RUL prediction methods are analyzed and
defined into three main categories. The physics-based
models attempt to model the evolution of the deterioration
based on the mathematical models [10]. Common degrada-

tion models include the Paris and Erdogan law [11], For-
man’s law [12], the Yu-Harris life equation [13], etc. The
application of these models demonstrates that the degrada-
tion process of simple objects can be accurately modeled
by degradation models. Therefore, a cylinder model injected
with a leaky fault can be used to predict the change in cylin-
der pressure and thus the RUL of the cylinder. To deal with
the above problems, a state representation of the gas cylinder
is proposed, and the EKF is employed as a state estimator to
estimate the state variables, including the leakage area. The
estimated state variables of every step are used as the leakage
area of the numerical model, and the four-order Runge-
Kutta method is employed to estimate the RUL of the gas
cylinder [14]. The main contributions of the paper are sum-
marized below.

(1) The mathematical model of the gas cylinder with
leaks is proposed, and an EKF observer is used to
estimate the leakage area

(2) A new model-based method is proposed to predict
the RUL of gas cylinders, which helps to improve
the reliability of flying vehicles

This essay’s general structure is as follows: the proposed
leakage estimation and RUL prediction method are intro-
duced in Section 2, along with detailed descriptions of the
experimental for method validation. The data that were used
are given, and the method validation results are shown and
analyzed in Section 3. Conclusions and some potential
future study directions are discussed in Section 4.

2. Materials and Methods

The framework of the proposed method is shown in
Figure 1, which is composed of two parts: state estimation
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Figure 1: Framework of the proposed leakage estimation and RUL
prediction method.
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Figure 2: Schematic view of the gas cylinder.
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and RUL prediction. (a) State estimation: the first step is
to estimate the state based on the measurement result of
the pressure sensor in the gas cylinder. By employing the
EKF observer and discrete-time state-space model of the
gas cylinder with leaks, the pressure and temperature of
the gas cylinder and the leakage area can be estimated. If
the leakage area estimation result is larger than zero, the
leakage fault is detected. The estimation result of the
EKF observer is further used to predict the RUL of the
gas cylinder with leaks. (b) The estimation results of the
pressure and temperature at every discrete-time step are
used as the initial conditions, and the estimated leakage
area is used as a model geometry parameter. The fourth-
order Runge-Kutta method is used as the solution of the
dynamic model consisting of ODEs. To get the RUL of
the gas cylinder, iteratively calculate until the pressure
drops to the critical pressure. The RUL equals to the num-
ber of iterative steps multiplied by the step length. At each
discrete time step, this calculation is repeated to obtain the
RUL at the corresponding moment.

2.1. Modeling. This section presents a model for the transient
flow and leak of a gas cylinder and gives a description of the
system’s overall state space model.

2.1.1. Flow and Leak Modeling. The modeling process of
transient pipeline flow is done and enriched in many studies
[15]. However, no state space model is available for gas cyl-
inder leakage observation. The state space model can be

derived from the dynamic model consisting of the ODEs.
Therefore, this section presents a fluid dynamics-based
model for a gas cylinder with leaks. Figure 2 is the schematic
view of the controlling gas cylinder; the pressure of the gas
cylinder can overcome the elastic force of the spring, and
the friction between the spool and the valve body; then, the
spool moves left, and the valve opens. Leakage in the pipe-
line between the gas cylinder and the valve control port
can cause a continuous drop in cylinder pressure. When
the cylinder pressure drops to a critical value, the spring
force is greater than the sum of pressure and friction force,
the valve spool moves to the right, and the valve closes.

Under the assumption of an ideal gas and adiabatic
walls, the mass conservation equation, energy conservation
equation, and the general gas equation are shown in Equa-
tions (1)–(3), respectively [16]:

dm
dt = −qm, ð1Þ

d mcvTð Þ
dt = −cpTqm, ð2Þ

pV =mRgT , ð3Þ

where m is the mass of gas in the cylinder, qm is the leakage
rate, cv and cp are the specific heat capacity at constant vol-
ume and specific heat capacity at constant pressure, respec-
tively, T is the average temperature of the gas in the
cylinder, p is the average pressure of the gas in the cylinder,
and Rg is the specific gas constant of the gas in the cylinder,
which is given by the molar gas constant divided by the
molar mass of the gas.

Based on Equations (1)–(3), the lumped-element model
of the gas cylinder with leaks can be derived as follows:

dp
dt

= −
kRgT

V
qm, ð4Þ

dT
dt

= −
k − 1ð ÞRgT

2

pV
qm, ð5Þ

where k = cp/cv is the capacity ratio of the gas.
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(b) Schematic diagram of the scaling leakage test

Figure 3: Experimental equipment and schematic of the scaling leakage test.
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Figure 4: Measurement results of the pressure sensors installed in
the low-pressure vessel during test 3, where p1 and p3 indicate the
measurement results of the two pressure sensors installed on the
side, and p2 indicates the pressure sensor’s measurement result in
the middle.
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For computing the leakage mass flow rate, we use the
throttle element equation shown in the following:

qm = A∙A kð Þ∙q λð Þ∙ p
ffiffiffiffiffiffiffiffiffi
RgT

p , ð6Þ

where A is the leakage area.

A kð Þ =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

k∙
2

k + 1

� � k+1ð Þ/ k−1ð Þ
s

, ð7Þ

q λð Þ = λ
k + 1
2 ∙ 1 − k − 1

k + 1 λ
2

� �� �1/k−1
: ð8Þ

λ is the velocity coefficient; when the sound speed condi-
tion shown in Equation (9) is satisfied, the flow speed at the
leak hole is equal to the sound speed, and λ = 1. Due to the
external pressure being low (pb is vacuum or atmospheric
pressure), Equation (9) is always satisfied.

pb
p

≤ 2/k + 1ð Þ1/k−1, ð9Þ

where pb is the barometric pressure.
Substitute λ into Equation (8) yields the following:

q λð Þ = 1: ð10Þ

Substitute Equations (7) and (10) into Equation (6), the
leakage mass flow rate equation can be derived as shown
in the following:

qm = A∙

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

k∙
2

k + 1

� � k+1ð Þ/ k−1ð Þ
s

∙
p
ffiffiffiffiffiffiffiffiffi
RgT

p : ð11Þ

Substitute Equation (11) into Equations (4) and (5), sep-
arately, the transient flow and leak model of the gas cylinder
can be derived shown in the following:

dp
dt = −

kRgT

V
∙A∙

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

k∙
2

k + 1

� � k+1ð Þ/ k−1ð Þ
s

∙
p
ffiffiffiffiffiffiffiffiffi
RgT

p , ð12Þ

dT
dt

= −
k − 1ð ÞRgT

2

pV
∙A∙

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

k∙
2

k + 1

� � k+1ð Þ/ k−1ð Þ
s

∙
p
ffiffiffiffiffiffiffiffiffi
RgT

p :

ð13Þ
2.1.2. State Space Representation. Consider the discrete non-
linear system in state space with additive noise shown in the
following equations:

_x tð Þ = f x tð Þð Þ +w tð Þ, ð14Þ

y tð Þ = g x tð Þð Þ + v tð Þ, ð15Þ
where x is the state, y is the measurement results, f ð∙Þ and
gð∙Þ are nonlinear mappings, w and v are processes and
measurements of Gaussian white noise, their average values
equal to zero, and covariance is denoted by Q and R.

Pressure and temperate of the gas cylinder and the leak-
age area are considered as system state variables as follows:

x = x1, x2, x3½ � = p, T , A½ �: ð16Þ

The pressure of the gas cylinder is considered as an out-
put variable,

y = y1½ � = p½ �: ð17Þ

The state space representation of the gas cylinder with
leaks is as follows:

Table 1: Detailed information of the scaling leakage test.

Parameter Value Units

The initial pressure of the high-pressure
cylinder

>25 MPa

The initial temperature of the high-pressure
cylinder

295.15 K

Volume of the high-pressure cylinder 7:5 × 10−4 m3

The initial pressure of the low-pressure vessel 0 MPa

Volume of the low-pressure vessel 0.15 m3

The sampling rate of all sensors 5000 Hz

Gas type Nitrogen —

Leakage area 1:3 × 10−4 m2
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775 =
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775, ð18Þ

y1 tð Þ½ � = x1 tð Þ½ � + v1 tð Þ½ �: ð19Þ
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2.2. Extended Kalman’s Filter. The filter is the technical term
for determining the system’s state using the measurement
results. The Kalman filter is a recursive filter that estimates
the system’s state [17]. Kalman’s filter is based on linear sys-
tems and inappropriate in nonlinear systems. By linearizing
the nonlinear system into a linear system, the use of the Kal-
man filter is extended to nonlinear systems, which is the
extended Kalman filter (EKF) [18].

The discrete-time description derived from the continu-
ous model shown in Equations (14) and (15) is as follows:

xn =Φ xn−1ð Þ +wn−1, ð20Þ

yn = h xnð Þ + vn, ð21Þ

where n is the discrete time and Φ and h are system and out-
put functions.

The filtering process is given as follows:

Prediction equations,

x̂−n =Φ x̂n−1ð Þ, ð22Þ

P−
n = An−1Pn−1A

T
n−1 +Qn−1: ð23Þ

Update equations,

x̂n = x̂−n +Kn yn − h x̂−nð Þð Þ, ð24Þ

Kn = P−
nC

T
n CnP

−
nC

T
n + Rn

À Á−1, ð25Þ

Pn = I −KnCnð ÞP−
n : ð26Þ

P is the estimate error covariance. K is the Kalman gain. The
superscript “^” and “−” indicate the state and the prior esti-
mate or prediction. An−1 is the Jacobian matrix of the state
transfer equation at step n − 1, and Cn is the Jacobian matrix

(a) Computation domain (b) Grid of the computation domain

Figure 5: Computation domain and meshing result.

Table 2: Detailed information of the CFD simulation.

Parameter Value Units

The initial pressure of the high-pressure
cylinder

20 MPa

The initial temperature of the high-pressure
cylinder

273.15 K

Volume of the high-pressure cylinder 22 × 10−3 m3

Barometric pressure 0.101325 MPa

Time step 5 × 10−5 s

Leakage area 1 × 10−6 m2

Gas type Helium —

Grid volume 56000 Cell

Turbulence model
RNG k-ε
[21]
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Figure 8: Pressure distribution of the overall computation domain
at 20 s.

Table 3: Detailed information of the LRE hot test.

Parameter Value Units

The initial pressure of the gas cylinder 21 MPa

The initial temperature of the gas cylinder 293.15 K

Volume of the gas cylinder 0.022 m3

Gas type Helium —

Moment of leakage failure 118.36 s

Critical pressure 11.8 MPa

The sampling rate of the pressure sensor 100 Hz

Leakage area Unknown m2
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of the measurement function; the definitions of An−1 and Cn
are as follows:

An−1 ≈
∂Φ xn−1ð Þ

∂x

����
x=xn−1

, ð27Þ

Cn ≈
∂h xnð Þ
∂x

����
x=x̂−n

: ð28Þ

2.3. Experimental Setup and Data Acquisition. To demon-
strate the effectiveness of our method, the scaled leakage test
is conducted, and the computational fluid dynamics (CFD)
simulation is performed; in addition, the liquid rocket
engine (LRE) hot-test data is also used. In this section, the
experimental setup is described in detail.

2.3.1. Description of the Scaling Leakage Test. The scaling
leakage test system is shown in Figure 3. The high-pressure
cylinder and the low-pressure vessel are connected by pip-
ing. Before the test begins, nitrogen is charged into the
high-pressure cylinder, and the low-pressure vessel is
vacuumed. After the command is given, the valve in the
pipeline opens, and the gas is continuously injected from
the high-pressure cylinder into the low-pressure vessel. As
shown in Figure 3(b), a pressure sensor is equipped in the
high-pressure gas cylinder to measure the pressure change
inside, and three pressure sensors are installed on both sides
and in the middle of the low-pressure vessel separately to
test the uniformity of pressure in the low-pressure vessel.
Measurement results of the three pressure sensors installed
in the low-pressure vessel during the test are shown in
Figure 4, which proves that the homogeneous gas assump-
tion is reasonable. Due to the large pressure difference
between the high-pressure cylinder and the low-pressure

vessel, the sound speed flow condition shown in Equation
(9) is always during the test; the pressure variation of the
high-pressure cylinder of the scaling leakage test can charac-
terize the real cylinder leakage. Detailed information of the
scaling leakage test is shown in Table 1.

2.3.2. Description of the Full-Scale CFD Simulation. The
computational domain of the CFD simulation is a sphere
with a volume of 22 × 10−3m3; the ideal gas equation and
the Sutherland equation are used to describe compressibility
and viscosity, respectively [19]. In addition, the adiabatic
wall assumption is used. The CFD simulation of this paper
is based on the Ansys fluent code, which is a widely used
finite element analysis (FEA) software. The computation
domain is created and discretized using ANSYS ICEM; to
reduce the computation complexity, a two-dimensional axi-
symmetric computational domain is used, and the computa-
tion domain and meshing result are shown in Figure 5 [20].
Detailed information of the simulation is shown in Table 2.
The gas cylinder leakage process simulated with different
grid volumes is shown in Figure 6; as the figure shows, when
the grid volume is greater than 3500 cells, the simulation
results are close. The speed distribution of the leakage hole
and pressure distribution of the overall computation domain
are shown in Figures 7 and 8, which proves the rationality of
Equation (10) and the homogeneous gas assumption.

2.3.3. Description of the LRE Hot-Test. As one of the most
important subsystems of LRE, the gas generator (GG) is used
to generate high-temperature and pressure gas by the com-
bustion of fuel and oxidizer; then, the combusted gas gener-
ated by the GG is used to drive the high-pressure turbine
pump (HPTP). If the combustion process is aborted, the
HPTP stops turning, and the LRE shuts down. Figure 2 is
the schematic view of the control gas cylinder, and the valve
controlled is the fuel supply valve of GG. The control princi-
ple is detail described in Section 2.1.1. If the valve is closed to
cut off the fuel supply to the GG, the combustion inside can
no longer be maintained and the engine will automatically
shut down. The gas cylinder leak failure occurred in over
ten LRE hot tests; in one of these tests, the cylinder pressure
drops to the critical value, and the LRE shuts down. Detailed
information of the LRE hot test is shown in Table 3.

3. Results and Discussion

In this section, three groups of scaling leakage test data, one
group of CFD simulation data, and one group of LRE hot-
fire test data are used to evaluate the leakage estimation
and RUL prediction capacity of the proposed method.

3.1. Calibration Results of the Scaling Leakage Test. We con-
ducted three tests on the equipment shown in Figure 3. The
change in pressure of the high-pressure cylinder during the
three tests is shown in Figure 9. Figures 9(a)–9(c) corre-
spond to the first, second, and third tests, respectively. In
this paper, the first, second, and third tests are referred to
as test 1, test 2, and test 3, respectively. In each subplot of
Figure 9, the horizontal axis is the time axis, and the vertical
axis indicates the measurement value of the pressure sensor
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in the cylinder. As shown in the subplots, the three leakage
tests’ initial pressures and leak moments vary. However,
since the test equipment is the same, the leakage area obser-
vation results should be the same.

The leakage area estimation and RUL prediction results
of test 1, test 2, and test 3 are shown in Figures 10–12; the
leakage area estimation results are shown in Figures 10(a),
11(a), and 12(a), and the RUL prediction results are shown
in Figures 10(b), 11(b), and 12(b), for every subplot in the
figures; the horizontal axis is the time axis, and the vertical
axis in Figures 10(a) and (b), 11(a) and (b), and 12(a) and
(b) indicate the leakage area and RUL, separately. As shown
in Figure 9, the moment of leakage fault happening is differ-
ent, and the initial pressure of the high-pressure cylinder
before leaks is not the same. However, the leakage area esti-
mation results shown in Figures 10(a), 11(a), and 12(a) indi-
cate that the leakage moment is consistent with those shown
in Figure 9; simultaneously, the estimated leakage areas are
close to each other. The RUL prediction results are shown
in Figures 10(b), 11(b), and 12(b). In the three scaling leak-
age tests, the critical pressure is set to 0.5Mpa. The actual
RUL of each moment is equal to the time between that
moment and the critical point moment (the moment when
the cylinder pressure is equal to 0.5Mpa). The black curves
represent the actual RUL, and the red curves indicate the
predicted RUL. Except for the short period in the beginning,
the RUL prediction results are close to the actual values.
Dynamic responses of cylinder pressure under different
leakage areas are shown in Figure 13, the horizontal axis is
the time axis, and the vertical axis indicates the pressure;
leakage faults of different leakage areas are injected to the
model described in Section 2.3.1 at 1 s; it can be seen that
the model can respond to the sudden leakage fault in time.

Therefore, the leakage area observation error in the begin-
ning is due to the fluctuations of the leak area observation
results after the leakage fault happened, after multiple filter-
ing steps, the leakage area converges to a stable value. As
shown in Equation (22)–(26), before the leakage fault hap-
pened, the estimate error covariance P decreases with the fil-
tering process; therefore, the Kalman gain K drops to a small
value resulting the filter to have minimal weight on measure-
ment information. When a sudden leakage fault occurs, the
filter tends to have a large weight on the model prediction
result, which is not reasonable and causes filtering delays.
In addition, the relative leakage area in the test is large,
resulting in significant errors in the RUL prediction results.
In [22], the strong tracking Kalman filter (STF) which com-
bined the fading factor with EKF is proposed to track abrupt
faults. However, STF may cause an overshoot for leakage
area estimation [23].

3.2. Calibration Results of the Full-Scale CFD Simulation.
Simulation results of the pressure on the computing domain
center are shown in Figure 14. As shown in the figure, the
internal pressure of the cylinder starts to drop from
20Mpa, and the drop rate gradually decreases.

Figure 15 shows the leakage observation results of the
leakage area and prediction results of the full-scale CFD sim-
ulation. The leakage area estimation results shown in
Figure 15(a) match the data in Table 2. It is demonstrated
that the observer proposed in this paper can obtain accurate
leakage area estimation results based on the pressure mea-
surement result only. Figure 15(b) shows the RUL prediction
result, the actual RUL of each moment is equal to the time
between that moment, and the critical point moment (the
moment when the cylinder pressure is equal to 11.8Mpa);
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Figure 15: Leakage area estimation and RUL prediction results of the full-scale CFD simulation.
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as shown in the figure, the predicted RUL is close to the
actual RUL of the cylinder.

3.3. Calibration Results of the LRE Hot-Test. Figure 16(a)
shows the leakage area estimation result of the LRE hot test,
as shown in the figure, the leakage area firstly increases and
then decreases, while showing some fluctuation. The varia-
tion of leakage area over time in the test is due to the effect
of shock and vibration on the cracked control pipeline dur-
ing engine operation. The predicted RUL of the gas cylinder
is shown in Figure 16(b), the actual RUL of each moment is
equal to the time between that moment and the critical point
moment (the moment when the cylinder pressure is equal to
11.8Mpa), the RUL of the initial prediction is larger than the
actual value, this is because of the changing of leakage area
during the test, and the RUL prediction is based on the leak-
age area estimated. When the leakage area stopped changing
drastically, the RUL prediction result turned out to be
accurate.

4. Conclusions

The RUL prediction method of control gas cylinders that
combines the EKF and transient flow and leak model is pro-
posed. In this method, leakage area estimation is based on
the EKF, and RUL prediction is based on the transient flow
and leak model derived in this paper.

To prove the efficiency of our method, the scaled leakage
test is conducted, and the computational fluid dynamics
(CFD) simulation is performed; in addition, the LRE hot-
test data is also used, the mean absolute error (MAE) for
the remaining 80% useful life prediction results being less
than 0.02, 0.04, and 1.10, separately. These works demon-
strated the effectiveness of our method to predict the RUL
of cylinders with different kinds of the medium under the
leakage fault.

Some limitations of the current work still exist. Due to
the characteristics of Kalman’s filtering, there is a delay in
observing the leakage area, leading to significant errors in
the initial life prediction results. In addition, the variation
of leakage area over time can affect the accuracy of RUL pre-
diction results.

In our future work, we will keep researching some topics,
like improving the filtering methods and modeling of the
crack change process.

Nomenclature

A: The leakage area (m2)
A: The Jacobian matrix of the state transfer equation
C: The Jacobian matrix of the measurement function
cv: The specific heat capacity at constant volume (J/

(kg.K))
cp: The specific heat capacity at constant pressure (J/

(kg.K))
f ð∙Þ: Nonlinear mappings of the state transfer equation
gð∙Þ: Nonlinear mappings of the measurement equation
k: The capacity ratio of the gas
K : The Kalman gain

m: The mass of gas in the cylinder (kg)
p: The average pressure of the gas in the cylinder (pa)
P: The estimate error covariance
pb: Vacuum or atmospheric pressure (pa)
Q: Covariance of the process noise matrix
qm: The leakage rate (kg/s)
R: Covariance of the observation noise matrix
Rg: The specific gas constant of the gas in the cylinder (J/

(kg.K))
T : The average temperature of the gas in the cylinder (K)
v: Measurement Gaussian white noise
w: Process Gaussian white noise
x: The states
y: The measurement results
λ: The velocity coefficient.

Superscript

^: The state
−: The prior estimate or prediction.

Acronyms

CFD: Computational fluid dynamics
EKF: Extended Kalman filter
FMA: Fault model approach
FEA: Finite element analysis
GG: Gas generator
HPTP: High-pressure turbine pump
LPV: Linear parameter varying system
LRE: Liquid rocket engine
MAE: Mean absolute error
ODE: Ordinary differential equations
PDE: Partial differential equations
RUL: Remaining useful life
STF: Strong tracking Kalman filter
WHE: Water hammer equation.
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All data included in this study are available upon request by
contacting the corresponding author.
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