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CAUSALITY DIAGRAM BASED SAFETY ANALYSIS
OF MICRO TURBOJET ENGINE
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Abstract: An improved safety analysis based on the causality diagram for the complex system of micro aero-en-
gines is presented. The study is examined by using the causality diagram in analytical failure cases due to rupture
or pentration in the receiver of micro turbojet engine casing, and the comparisons are also made with the results
from the traditional fault tree analysis. Experimental results show two main advantages: (1) Quantitative analy-
sis which is more reliable for the failure analysis in jet engines can be produced by the causality diagram analysis;

(2) Graphical representation of causality diagram is easier to apply in real test cases and more effective for the
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safety assessment.
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INTRODUCTION

Recent studies of micro turbojet engines
draw increasing interests due to their tiny de-
signed sizes and special purposes. However, the
study in this field is not trivial because of the con-
sideration in the design step of extreme high ro-
tating speed and small body size requirements.
Furthermore, the complex working environment
causes quite a few issues, such as shorter life cy-
cle, difficulty in maintenance, as well as high cost
for the damage. Since applications for the micro
turbojet engines are extended, the difficulties in
the structural design, the failure modes and the
connections among these failure modes increase a
lot, which require more considerations in the de-
sign and manufacture process. All of these lead to
a more detailed study requirement of safety analy-
sis of aero engines. In addition, there is no study
approach is generated for the use in micro turbo-
jet engines while most of the current methods are
generated for the usual jet engines. For the rea-
sons mentioned above, the lacking in complete
understanding in this area drives more attention

and research in the safety analysis of micro turbo-
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jet engines-'"?,

The safety analyses of civil aerospace system
and equipments are described in Ref. [3]. Based
on this reference, the traditional methods such as
FTA, RBD and Markov, are not quite excellent
fit into the micro turbojet engines and the main
disadvantages are reviewed as below. Firstly, for
the complex analytical cases, the CPU require-
ment for the calculation grows high and relations
are still difficult to achieve. Moreover, for the
coupling causes of the safety issues, the results
might not be reliable enough. In addition, the re-
lation consideration of time and conditional proba-
bilities is neglected in these approaches. The
causal diagram introduced in this paper is a loop
directed graph, which introduces logic gates into
the network and dynamic characteristics into
topology. The results show that this diagram can
give effective corrections for the disadvantages
mentioned above.

This paper presents an improved safety anal-
ysis approach based on the causality diagram,
which is verified by test case, such as rupture or
pentration of receiver of micro turbojet engine

casing. With the description of the analytical pro-
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cess, the comparisons are also made with the re-

sults produced from the traditional FTA method.

1 HAZARD OF MICRO TURBO-
JET ENGINE

In this paper, a certain turbojet engine with a
structure assembling integral guiding vanes and
turbines as a whole component is researched as a
case. The vanes also serve as stator casing. The
structure sketch is shown in Fig. 1. In the design
process of components of micro turbojet engine
turbine, turbine rotor is the key component for
safety analysis which determines the failure mode
"rupture or penetration” of turbojet engine casings
(noncontainment ). This failure mode is one of
the most hazardous failures, thus it should be e-
liminated during design process. Therefore, the
safety analysis for turbine casing must be con-
ducted.
graph theory for safety analysis is applied.

In the following sections, the causal

H-

Fig. 1 Structure of micro turbojet engine

2 CAUSALITY DIAGRAM
THEORY

2.1 Basic concept of causality diagram theory

L-6)is based on

Firstly, the causality diagram
the probability theory, which is a solid theoretical
foundation including Boolean logic operation and
has no restriction for network topology. Hence

L2-Jcan establish network ac-

the causality diagram
cording to actual situation. Secondly, the causali-
ty diagram introduces logic into network and im-
plies straight causal level rather than conditional
probability to avoid related issues at the given
time. Thirdly, the causality diagram approach is
also a kind of flexible deductive analysis, which
obtains the causes from results and results from

reasons, thus solving causes mixing problems!™®/,

Therefore, for turbojet engines, this approach is
consistent with the practical requirements of com-
plex systems™, and effectively simulates the ac-

tual failure modes.
2.2 Models of causal graph theory

In order to conduct the safety analysis for
noncontainment of micro turbojet engine casings,
a causality diagram for the "rupture or penetration
of turbojet engine casings” is established and
shown in Fig. 2. According to the causal graph-
structure, reasons for rupture or penetration,
their internal relations, and the correlations be-

tween failures are clearly illustrated.

T: Rupture or penetration of turbine casing; X :
Burst of turbine components casing ; X»: Exceeding materi-
al strength limit; X;: Stress increasing; X,: Casing burst
caused by uncontained rotor; X;: Bearing failure; X;: Dan-
gerous fragment puncture casing; X;: Dangerous fragment
of turbine disk; Xz: Turbine disk-shaft failure; B,: High
and low cycle fatigue rupture; B,: High temperature creep
rupture; B;: Rotor casing stress increasing burst caused by
manufacturing defects; B,: Mechanical wear caused by
small radial clearance to penetrate casing; B;: Rotor casing
stress increasing burst caused by maneuvering flight; Bs:
Rotor casing stress increasing burst caused by high gradi-
ent of local temperature; B;: Bearing wear caused by lack
of oil in bearing chamber causes; Bg: High-temperature gas
into bearing chamber, so that bearing over-temperature;
By: Sufficient energy for dangerous fragment to penetrate
a casing; By: Manufacturing defect; By, : Failure by rotor
excess revolution; By,: Blade failure by over temperature
damage; By;: Blade root rupture, blade loss; P;;: Linkage
event between cause event / and result event j; G :OR
gate; Cl :AND gate; O :Node event; I:] :Basic event

Fig. 2 Causelity diagram of rupture or pentration of

turbojet engine casings
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2.3 Reasoning process in causality diagram

The calculation process in the causality dia-
gram is divided into following four steps:

(1) Calculation of the first-order cut set ex-
pressions of node events.

Definition 1 The cut set C;is defined as a
set of events (including basic events B;, node
events X,, logic events G;, and linkage events
P;;) combined with logic relation "AND". The re-
lation between different cut sets is logic relation
"OR”. The cut set which is comprised merely by
events adjacent to a certain node event is defined
as the first-order cut set.

(2) Calculation of the final cut set expression
of node events.

Definition 2 The cut set which is expressed
merely by basic events and connected events is
called the cut set of node events.

(3) Calculation of the nonintersect cut sets of

node events.

m n;

Definition 3 X= UC;, where C;= NV,
1

i=1 =

O ® ®
A A » P
®® OO [FIE]

&)
A
() ) ) B

the nonintersect cut set can be expressed as; T'=
C, @Cz G@Cs aa@ @Cm aa K’ in
which, Prepresents exclusive, T is the top event
and C,the cut set variable indexed by i.
(4)Calculation of the probability of top event

P(T) and corresponding quantitative calculation.

2.4  Model calculations in causality diagram

theory

As a kind of the equivalent expression of the
causality diagram, causal trees (based on events
or variables) can be used to calculate the occur-
rence probability of top events. Therefore, the
causality diagram shown in Fig. 2 can be simpli-
fied to the micro causal trees illustrated in Fig. 3.
Each node event (or variable) in the causality dia-
gram corresponds to a micro causal tree. The root
of each micro causal tree is the corresponding
node event (or variable). Essentially, for the

causal trees, note events are roots, while the ad-

jacent node events are input events.

Fig. 3 Micro causal trees

The whole causality diagram is shown in
Fig. 4 corresponding to the micro causal trees,
from which the relationships among reasons of

failures can be determined clearly.

Fig. 4 Whole causal tree

(1) Calculation of the first-order cut set of
node events.
From the micro causal trees, the reasoning
processes can be expressed as follows
X, =X, U X,
X,=Pr,B, UB,
X,=B8B,UB, U B; U PyuB;
X, =X, UX., UB,, UX;

X; =B, U B;
X, = X, B,
X, =PyB; U P;B, UP;B, UP,B,U
By, U By,
Xy =PyB; U PB, U PyB, U PsB,
T=X UX, (D

(2) Calculation of the final cut set of node

event.

X=X, UXZ:B3 UB4UB.3 UP63B6UPIZBlUBZ
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X,=P.,B, UB,
X,=B,UB,UB;UPB;
X, =X;UX;UB,UX;=

PuBUP B UPyB,UP,B,UB;UBsU

BwUPyuBB,UP,B,BsUPyB;Bs U

P,B.\ByUB;ByUB,;B,

X:=B,UB;
X=X,By=PyB;B,UP,;B,B,UP,,B,By

P,B.\ByUB;B;UB,;B,
X,=PuBUP;B,UPy;B,UP:B,,UB,UB;
Xs=PuBsUP3sB,UPxB,UP 5B,
T=X,UX,=B;UB,UB;UPB,UP,B, U

ByUPgBsUP B, UPayB,UPsBi, U

B;UB;UB\UPyuB:B,UP ;BB U

Py B;ByUP B ByUB 1By UB3B, (2

(3)Calculation of the nonintersect cut set of
node events.

According to the first-order nonintersect cut
set, the reasoning processes are given as follows
X, =X:DX.X,

X,=P,B,®P,B B,
X,=B;BB;B.DB;B,B;DB;B,B;P B

X, =XPBX XPBX X;B,:BX X8, (X, By)
X;=B,DB;B;

Xe=X,B,

X, =PyBPPyB:P:BBPBP;B,P.:B,PD

PBiP ;B Py; B, P11 B, D

Py BeP 2B Py; By Py By By,

Py ByP ;B\ Py B;P;B,B:B;

Xy =P BDP B P sBDPBiP B, P2 B,D

PoBiP 3B PayB,P 3B,

T=X DX X, (3)

Using above simplifications., the ultimate ex-

pression of nonintersect cut set can be expressed
by a matrix of nonintersect cut set. This ap-
proach reduces the difficulty of deducting NP in
the causality diagram and effectively improves the
calculation speed of causality diagram. There-
fore, it has great significance on the quantitative
analysis of aero-engines.

The nonintersect cut set matrix can be repre-
sented by the matrix a,;(/=1,2,,m;j=1,2,

««,n), in which the value is—1, O or 1, m=20,

n=19. Each column in the matrix represents ba-
sic events or linkage events, while each row of
the matrix represents a nonintersect cut set. If
the cut set "m” contains the basic event "»” or the
linkage event, then AGn,n)=1, if the cut set "m"
contains the basic event "n” or the complementary
event of linkage event, then A(m,n)=—1; In
other case, A(m,n)=0. Respectively. a,;(i=1;
j=1,2,++,n) represent B;,B,,B;,P:Bs.P,B,,
BZ’PGSBG’PISBI’PZSBZ’PHgBH’B7’B8’BIO’BQ’[)67
Bﬁ ’PI7BI ’PZ7I§2 7P117Bll 71))12 91313'

Then, the final nonintersect cut set matrix is
o .

-1 1

Apwir=]—1 —1 —1 = 11 ey
—1 =1 —1 = 1-1 1

—1 —1 —1 1—1-1 = 1
Finally, the expression of nonintersect cut
set 1s
T=B,PB,B,DB,B,B:DB,B,B;PBsD--D
B3B,B; P B P, BBy Py BsP1sB Py By ¢
PsB B;BsB By Pg;Bs *
P;B\Py;;B,P ;BB ,B; (5

(4)Calculation of the occurrence probability

of the top event and the importance of minimum
cut sets.

Taking the engine component design in-
dex"”!"" and corresponding experimental data as
references, according to the occurrence probabili-
ty of basic events and linkage events in Table 1,
the occurrence probability of the top event is
P(T)=0.020 17.

Acording to the experimental data, the real

Table 1 Probability of basic events and linkage events

Event Probability|Event Probability|Event Probability
B, 0.002 31 By 0.001 54 | Py, 0.9
B, 0.001 54 By 0.002 31 Py 0.7
B3 0.001 93 By 0.000 77 || Py 0.8
B, 0.002 31 | By 0.001 16 | P 0.9
B; 0.001 93 | By 0.000 39 || Py 0.7
By 0.00193 | Py 0.7 P, 0.8
B; 0. 000 77 Py 0.7 P 0.9
By 0.002 70 || Pe; 0.6 Py, 0.9
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top event is 0. 020 2, thus the difference of proba-
bility between the causality diagram result and
the experiment result is 3X 10 °.

The minimum cut set refers to the least num-
ber of occurring failures and a set of the most nec-
essary basic events. Therefore, discovering the
minimum cut set is crucial to finding out reasons
of failures. Acording to Eq. (5), the minimum
cut sets triggering the top event are

{Bs}s B}y {Bs)s {Bs)s {Bi}s {By}s {Bus
{Brys (Bshs (B} (ByBs), {ByBy}, (BB},
{ByB,},{ByB,},{ByB,;}

Among these 16 minimum cut sets, if one of
them happens, then the top event happens. Be-
cause the minimum cut sets represent failure
modes, the importance of minimum cut sets (IM-
CS), which is the importance level of the mini-
mum cut sets, can represent impacts of each fail-

ure mode on the top event.

P,
Definition 4 Set P{IEZP—‘Y, where Pitis the

importance of minimum cut sets, P, the probabil-
ity of minimum cut sets, Pythe occurrence proba-
bility of the top event. The results of IMCS are
shown in Table 2.

Table 2 Importance of minimum cut sets

MCS IMCS MCS IMSC MCS IMSC
B; 0.09555 | By 0.038 22 || ByB; 0.000 12
B, 0.114 66 B; 0.038 22 ||By By 5.83X10°°
B; 0. 095 55 By 0.133 77 ||By By2 8.84X10°
Bs 0.095 55 || By 0.114 66 || By B3 2.95X10°°
B, 0.114 66 | BoBs 0.000 15
B, 0.076 44 | By B, 0.000 18

According to the data analysis in Table 2,
Bs,B,,B,, and B,,are the most significant failure
modes for the top event. Thus they are the key
factors. Therefore, following situations must be
prevented and some promotion measures must be
implemented to avoid these problems.

First of all, the hot gas ingested into bearing
chamber must be prevented in order to avoid over-
heating problem of bearings (i.e. Bg). In terms
of micro turbojet engines, because of the short

engine diameter, high rotor speed, heavy load-

bearing of shafts, and limitation of shaft, the
number of failures of shafts is large. The impact
of hot gas on shafts can be prevented by reason-
able design, such as installing cooling channel and
heat shield at the hot part to cut off the influence
of high temperature gas on the bearing.

Then, mechanical friction, which is caused
by small radical clearances, must be prevented (.
e. B,). In design process, the small clearances
between blades, which lead to hydrodynamics ex-
citation to rub damage of rotors and stators, must
be avoided. In addition, during assembling pro-
cess, nonconcentricity between rotors and case,
imperfect alignment and high disturbance degree
of rotors must be avoided. If the friction still ex-
ists, some experiments must be used to ensure
that it cannot penetrate the casing.

Finally, high-low cycle fatigue rupture (. e.
B;) and manufacturing defects (i.e. B;,) must be
prevented. Because rotor speed and centrifugal ef-
fect are as high as (1.0—1.6) X 10° r/min, the
stress concentration must be avoided. In addi-
tion, because working rotor speed is high and
support stiffness of rotors has a great impact on
the critical speed, appropriate support stiffness
about (2.0—3.0) X 10" N/m is required. For mi-
cro turbojet engine, the dynamic balance of flexi-
ble rotor is required to reduce shake.

In addition, it is clear that B,;, B,and B,
have few influences on the top event, thus they
can be neglected.

In conclusion, the causality diagram can dis-
cover reasons of failures, obtain the minimum cut
sets, and then achieve the goal of failure diagno-
sis. Meanwhile, the key to reduce probability of
top event is reducing the occurrence probability of
events at high importance level within the mini-
mum cut set. Through analysis of related fail-
ures, correct methods must be implemented to e-
liminate potential risks and limit impacts within

the minimum range.

3 COMPARE ANALYSIS

3.1 Result of fault tree analysis

Referring to Ref. [10], as shown in Fig. 5,
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the occurrence probability of the top event is

20

8 14
Pr= DX, +X: 20X, + D)X, = 0.014 17,

i=1 J=9 k=16

thus the difference between the result of fault tree

and actual probability is 0. 006 03~~6X 10 °.

G :OR gate; G :AND gate; O :Basic event;
O :Inhibit gate;
[] :Node event; <> :Undeveloped gate

O .Conditional event;

Fig.5 Fault trees
3.2 Variance analysis

Acording to the experimental data, the actu-
al probability of the top event is 0.020 2. The
probability of failure occurrence produced by the
causality diagram is 0. 020 17. Compared with the
FTA result 0.014 17, it is closer to the reality.

Through establishing the model of top event
T and the method simplification, the reasons of
difference between the causality diagram and fault
tree can be figured out: As shown in Figs. 2-5,
the causality diagram overcomes the problems of
correlation in nonindependence among the reasons
of failures, lack of systemical and comprehensive
consideration of failures, and lack of diagnosis in-
formation. Therefore, for the high-precision
complex system with more basic events and corre-
lations, the matrix of nonintersect cut sets can
improve calculation speed and reduce calculating
amount.

The fault tree approach is based on the com-
ponent connections and the analysis of failure
modes. It decomposes reasons of systematic
faults into middle events and basic events in order

to obtain the quantitative index such as occur-

rence probability of top event if basic events are
dependent and the occurrence probabilities are
known. In the safety analysis of reasons for fail-
ures, because of the problem of correlation in
nonindependence, it is incorrect to divide reasons
into completely independent basic events in the
decomposing process. However, the accurate re-
sults of fault tree analysis are seriously depended
on the information completeness. Therefore, the
application of the fault tree analysis has certain
limitations and results in a larger error compared
with the true value.

In addition, through the calculation of
causality diagram and an investigation of differ-
ence with fault tree analysis, it is clear that the
causality diagram can be used for failure diagnosis
and identification of malfunction causes. It can
calculate the occurrence probability of specified
events of failure in order to carry out safety anal-
ysis and assessment. For the safety analysis of
micro turbojet engines, compared with the fault
tree analysis, the causality diagram is more suit-
able for actual system operations and failure con-
ditions of complex systems of aero-engines, and

can improve the failure diagnosis accuracy.

4 CONCLUSION

The outcomes of this research demonstrate
that: Initially, aiming to the characteristics of
complex systems of micro turbojet engines, the
application of causality diagram during process of
safety analysis can successfully solve the issues of
correlation in nonindependence and the lack of di-
agnosis information; Moreover, the implementa-
tion of nonintersect cut set matrix can excellently
improve calculation speed and simplify calculation
amount; Furthermore, compared with the fault
tree analysis, the causality diagram is more effec-
tive for failure diagnosis, qualitative and quantita-
tive safety analysis, identifying possible failure
modes, and analyzing impacts of each events on
the "rupture or penetration” failure; Finally, the
causality diagram shortens development length
and reduces potential risks.

Therefore, the causality diagram approach
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for safety analysis can satisfy practical require-
ments of high-precision complex systems of aero-
engines. There are two main advantages are con-
cluded: (1) Quantitative analysis which is more
reliable for the failure analysis in aero engines can
be produced by the causality diagram analysis;
(2) Graphical representation of causality diagram
is easier to apply in real test cases and more effec-

tive for the safety assessment.
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