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Abstract: To improve the reliability of an aero-engine main fuel system, the quantitative and qualitative reliability
analysis of the system is conducted based on goal oriented (GO) methodology. The quantitative reliability analysis
results and the minimum cut sets of the fuel system are obtained, respectively. These results are compared with
the results of the FTA (Fault Tree Analysis) method, and the comparison result shows GO method is rational
and applicable. Therefore, it is feasible to apply the GO method in the reliability analysis of an aero-engine main

fuel system.
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0 Introduction

Aero-engine main fuel system supplies quantitative
fuel for the aero-engine and ensures the normal work
of the engine and the safe operation of the aircraft.
The reliable operation of the fuel system is significantly
crucial for the engine and the aircraft, so the reliabil-
ity requirement of the aero-engine main fuel system is
extremely high. At present, to improve the reliability
of an aero-engine main fuel system and other related
subsystems in an aircraft, Wang et al.l'/ conducted a
semi-physical simulation experiment of a fuel control
system in an aero-engine, and found the weak links of
the equipment and gained the corresponding solutions.
Chen et al.[?l analyzed the aero-engine fuel leakage us-
ing the fuzzy fault tree analysis (FTA) method and de-
termined the importance level of the failure causes to
make a decision of the maintenance. Liu et al.l¥l en-
hanced the reliability of systems and components by
fault diagnosis and semi-physical simulation of aero-
engine fuel conditioning actuators and their sensors.
However, the reliability models in the above methods
are more and less influenced by the subjective factors,
and the reliability models established by different peo-
ple for a same system are not always consistent, so the
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reliability analysis results for the same system are often
inconsistent.

GO methodology! is a goal-oriented (GO) system
probability analysis method. The reliability model in
the GO method, namely GO model, is established with
certain rules according to the system working princi-
ple diagram, or engineering flow drawing, and so on.
The GO model, therefore, can reflect the original ap-
pearance of the system and is endowed several unique
characteristics such as strong objectivity, sound con-
sistency and low human factors. At present, the GO
method has been applied in the reliability and safety
analysis of natural gas pipeline systems, power systems,
nuclear industry systems, inertial navigation systems
and other systems(®), and achieves good results. Many
researchers are developing functions of the GO method
and making it more perfect in recent years [10-171 In
this paper, the principle and the analysis process of the
GO method are briefly introduced. Then, the quantita-
tive and qualitative reliability analysis of an aero-engine
main fuel system is conducted through the GO method.
Finally, the analysis results with the GO method are
compared with the results of the FTA method.

1 Fundamentals and Analysis Process of
GO Methodology

1.1 Fundamentals and Ideas of GO Method
A GO method mainly consists of establishment of
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GO model and GO operation. GO model is estab-
lished with certain rules according to the system prin-
ciple diagram, functional chart or engineering draw-
ing and so on, then the state probability of the sys-
tem can be obtained by GO operation based on the
GO model. There are two algorithms in GO opera-
tion: the state combination algorithm and the prob-
ability formula algorithm. The state combination al-
gorithm needs to list all the state combination of op-
erators and input signals to calculate the joint prob-
ability. The probability formula algorithm, however,
significantly simplifies the calculation via introducing
the signal flow state accumulation probability and de-
riving the calculation formula of the GO operator
directly!*8]. For reliability analysis of a complex system,
the probability formula algorithm is generally adopted
at present.
1.2 Signal Flow and Operator of GO Method
The GO operator and the signal flow are included
in the GO model and operation of GO method. The
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existing 17 types of standard operators defined by
GO method consisting of function and logical oper-
ator are shown in Fig. 1. Here, S denotes the input
signal of each component related to true system units
and R expresses the component’s output signal. They
are used to represent the function and logical rela-
tionship between the input and output of the sys-
tem units and all of these operators have three at-
tributes of type, data and operation rulel'®!. Sig-
nal flow is used to link GO operators and repre-
sents specific fluid or logical process, including two
attributes of the state value and the state probabil-
ity.
1.3 Analysis Procedures of GO Method

The general analysis procedures of GO method are:
system analysis, establishment of GO model, data ac-
quisition and processing, GO method quantitative anal-
ysis, GO method qualitative analysis and evaluation
of system reliability. The specific process is shown in
Fig. 2.
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17 types of standard operators in GO method
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Fig. 2 Reliability analysis flow diagram of GO method

2 Reliability Analysis of the Main Aero-
Engine Main Fuel System Based on
GO Method

2.1 Analysis of the Aero-Engine Main Fuel
System

Aero-engine fuel is provided by the aero-engine fuel
system. The quantitative fuel supply of engine ensures
the engine to achieve different working conditions. A

function block diagram of an aero-engine main fuel sys-
tem is shown in Fig. 3.

The basic principle of an aero-engine main fuel sys-
tem is: firstly, the fuel from the aircraft tank flows

Fuel from
aircraft tank

v

through the transfer tube, and the fuel is inhaled to
the fuel booster pump. Then, the pressurized fuel from
the fuel booster pump is filtered by fuel filter. Sec-
ondly, the filtered fuel flows into the fuel pump regula-
tor that combines all kinds of information, such as fuel
pressure, fuel flow, temperature and other parameters,
with electronic controller instructions to give hydraulic
instructions to control the main fuel flow. Then, the
main-fuel passes through the fuel oil heat exchanger,
and the fuel assignment needle will make a movement
with the raised fuel pressure, which will allow the fuel
to flow through fuel tube 1 and 2 of main combustion
chamber. Then, the fuel will flow into the main com-
bustion chamber through the fuel nozzle.
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Fig. 3 Function block diagram of an aero-engine main fuel system

If the fuel system can provide the required amount
of fuel into the main combustion chamber to meet the
requirements in the practical conditions, then the sys-
tem is viewed as normal work condition. That is the
success criteria of the aero-engine main fuel system.
2.2 Establishment of GO Model

Based on the theory of GO method and according
to the function block diagram of the aero-engine main

fuel system in Fig. 3, we select the appropriate oper-
ators and use signal flows to build the GO model of
the fuel system. The GO model of the fuel system is
shown in Fig. 4. The electronic controller instructions,
fuel from the aircraft tank and temperature sensors
are the input signals, so the type 5 operator can be
adopted to describe them. Each fuel tube is controlled
by a fuel assignment needle and can be described by
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the type 6 operator. The fuel pump regulator works
normally when multiple signal inputs are valid, so the
type 10 operator can be used to deal with multiple in-
put signals and type 1 operator can be used to describe
the fuel pump regulator. Other components are single-
input and single-output’s two-state units, and type 1
operator can be used to describe them. In Fig. 4,
the first number in each operator represents the op-
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erator type number and the latter number represents
the operator serial number. The number on the signal
flow represents the signal serial number, and S17 rep-
resents the output signal of the aero-engine main fuel
system. The reliability parameters of the operators in
Fig. 4 can be obtained according to the relevant man-
uals and statistical engineering test data, as shown in
Table 1.
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Fig. 4 GO model of the aero-engine main fuel system

Table 1 Operator types and reliability parameters in GO model of the aero-engine main fuel system

Operator
Component p

serial number

Fuel from aircraft tank 1
Transfer tube 2
Fuel booster pump 3
Fuel filter 4
Electronic controller instructions 5
Temperature sensor 6
Backup temperature sensor 7
Logic operator or 8
And gate 9
Fuel pump regulator 10
Fuel oil heat exchanger 11
Fuel assignment needle 12
Fuel tube 1 of main combustion chamber 13
Fuel needle 1 of main combustion chamber 14
Fuel tube 2 of main combustion chamber 15
Fuel needle 2 of main combustion chamber 16
And gate 17

2.3 Qualitative and Quantitative Reliability
Analysis of the Aero-Engine Main Fuel
System Based on GO Method

2.3.1 Qualitative Reliability Analysis

The state probability formula algorithm is adopted
to conduct qualitative reliability analysis of the aero-
engine main fuel system. First, a function operator,
other than logical operators, is assumed to be in the
fault state, its state probability is set to zero, keeping
other operators’ state unchanged. Then, the success
probability of the system is calculated using the state
probability formula algorithm. If the success proba-
bility of the system obtained is zero, then the fault

Operator Failure Maintenance
type ratex10°/h~1 rate/h~!
Type 5 0.9 0.2
Type 1 1.2 0.5
Type 1 2.5 0.6
Type 1 2.6 0.4
Type 5 1.8 0.5
Type 5 2.1 0.2
Type 5 2.1 0.2
Type 2 — —
Type 10 — —
Type 1 3.6 1.0
Type 1 2.5 0.6
Type 1 1.2 0.8
Type 6 1.1 0.6
Type 1 2.6 0.8
Type 6 1.1 0.6
Type 1 2.6 0.8
Type 10 — —

event of the operator is viewed as a first-order min-
imum cut set of the system. Similarly, if it is sup-
posed that any two operators, other than logical op-
erators, are in a fault state and the success proba-
bility of the system is calculated to be zero. Then,
the fault events of the two operators are regarded
as a second-order minimum cut set of the system.
And so on, one can obtain all kinds of order mini-
mum cut set of the system. According to the GO
model shown in Fig. 4, we can obtain 12 first-order
minimum cut sets and 1 second-order minimum cut
set of the aero-engine main fuel system, as shown in
Table 2.
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Table 2 Reliability qualitative analysis results of the main fuel system using GO method

Order number of Operator serial

minimum cut set number

[ e N e T e T e T = S =G =Y
—_
—

2.3.2  Quantitative Reliability Analysis

The probability formula algorithm includes a direct
algorithm, a sharing signal correction algorithm and an
exact algorithm. When we calculate the output signal
S17’s success probability, namely availability, we select
the exact algorithm based on Eq. (1) to conduct the
GO operation of sharing signal S11, S12, and use direct
algorithm to conduct the GO operation of non-sharing
signals. The quantitative analysis results of the main
fuel system are shown in Table 3.

1 1
E AR,KlKg---KLX

0 K2=0 Kp=0

Ag =

=
0

[(1—-As )1 - K;) + Ag . K], (1)

=

1

where Ag is the state cumulative probability of the sys-
tem output signal; Ag ; denotes the state cumulative
probability of the L sharing signals; Ar k,k,...x, de-
notes the signal state cumulative probability of the sys-
tem output in the combination state of the L sharing
signals. On the combination state of the [-th sharing
signal, K; = 0 represents the fault state and K; = 1
represents the success state.

Table 3 Reliability quantitative analysis results of
the main fuel system using GO method

Operation time ¢/h Availability
2 0.999 29991
4 0.999 08507
6 0.999 009 46
8 0.998 979 88
10 0.998 967 24

Fault unit name

Fuel from aircraft tank

Transfer tube

Fuel booster pump

Fuel filter

Electronic controller instructions

Fuel pump regulator

Fuel oil heat exchanger

Fuel assignment needle

Fuel tube 1 of main combustion chamber
Fuel needle 1 of main combustion chamber
Fuel tube 2 of main combustion chamber
Fuel needle 2 of main combustion chamber

Temperature sensor, Backup temperature sensor

3 Reliability Analysis of the Aero-
Engine Main Fuel System Using FTA

To validate the correctness and rationality of the
reliability analysis results of GO method, this paper
also conducts the qualitative and quantitative reliabil-
ity analysis of the same aero-engine main fuel system
using the FTA method.

In quantitative analysis of the aero-engine main fuel
system using FTA method, it is assumed that each ba-
sic event is independent. The first order approximation
algorithm is adopted to calculate the occurrence prob-
ability of the fault tree top event. The equation is:

21

Q. =1-JJ(r-Qu, (2)

=1

where Qs denotes unreliability of the system; @Q; is the
unreliability of I-th basic event. We can obtain Qs =
2.789642 7 x 10~% according to the failure rate given in
Table 2. So the reliability of this fuel system is Ry =
1 — Qs =0.999 721 03.

Comparing the analysis results of the FTA with GO
method, it can be seen that the minimum cut sets
are the same in the qualitative analysis. That is, the
reliability qualitative analysis results using these two
methods are consistent. In the view of the quantita-
tive analysis result, we also calculate the availability
value R; = 0.99995381 by GO method with GO soft-
ware when assuming ¢ = 0.02h as its static reliability,
and compare it with the fuel system static reliability
above obtained by the FTA method. The comparison
result shows the former is slightly larger than the lat-
ter, and it is reasonable because the basic events are
independent of each other in the FTA method and the
reliability of the fuel system obtained by using the first-
order approximation algorithm of the FTA method is
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the minimal. So, we can draw a conclusion that GO
method reliability analysis results are reasonable, and
GO method can be applied in the reliability analysis
of an aero-engine main fuel system. Moreover, the GO
method has more advantages than the FTA method in
terms of the ease of modeling, consistency and normal-
ity of the analysis process.

4 Conclusion

GO method is adopted to conduct quantitative and
qualitative reliability analysis of an aero-engine main
fuel system in this paper. The general steps and anal-
ysis flow of the GO method are summarized. Through
the comparison between the analysis results of GO with
that of FTA, we verify the rationality and usability of
GO method in reliability analysis of the aero-engine
main fuel system. Moreover, the GO method has more
advantages than the FTA method in terms of the ease
of modeling, consistency and normality of the analysis
process.
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