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Abstract

Aviation reciprocating engines dominant the low-power general aviation power, but air intake method of most
engines is natural aspiration that engine performance will decrease significantly in high-altitude environments.
Assembling the turbocharging system, the high-altitude performance of engines can be effectively restored
and the working ceilings of general aircraft can be significantly improved. While improving engine
performance, safety of turbocharging system should be paid enough attention. The Response Surface
Methodology explores the influence of factors on the response value by fitting the function relationship of
multiple quadratic regression equations, and avoids the limitation of ignoring the interaction between
factors.Sobol factor analysis is a global sensitivity analysis method that calculates the response index of the
response value by matrix calculation to quantify the influence of parameters on the response value. In this
paper, model-based system safety analysis method is combined with the "V" type safety analysis process,
the response surface methodology and the Sobol factor sensitivity analysis method to compare turbocharging
system performances of the sensitivity of different safety influencing factors by constructing the engine model
and fitting the equation for global sensitivity analysis, in order to improve the level of safety analyzing. A
methodical case of sensitivity analysis of safety influencing factor of the engine quasi-dimensional model built
by Rotax914 as a prototype is given using the proposed method in this paper. Results show that the
sensitivity index of altitude is much higher than other factors. The sensitivity index of the diameter of the
intake valve is higher than that of the diameter of the exhaust valve, but in the same quantity. The effective
length of the air filter in a normal operating environment has almost no impact on the turbocharging system.
Therefore, the scope of the safety influencing factors can be adjusted based on the analysis during the actual
running, reducing the uncertainty of critical factors, allowing an efficient and intuitive safety analysis.
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1. General Introduction

Aviation reciprocating engines have unique advantages within 300kW due to their economy, reliability, flexibility in
use, and ease ofmaintenance, andwill occupy an important position in current and future aviation power systems
for a long time. However, most of them adopt a naturally aspirated intake method, and when in high-altitude
environments, the engine output power decreases, making it difficult to meet the aircraft's high-altitude power
requirements, which restricts the working ceiling of reciprocating engines. After adopting a turbocharging system,
the power of aviation reciprocating engines can be effectively restored, but if the turbocharging system fails, it can
cause various negative effects [1], and even damage engine components and systems, leading to engine failure.
The investigation report of the National Transportation Safety Board (NTSB) in the United States shows that from
1988 to 1993, there were 88 aircraft accidents caused by engine failure due to turbocharging system failures,
resulting in a total of 6 deaths and 35 injuries [2]; From 1986 to 1993, the Federal Aviation Administration (FAA)
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received 580 reports of service difficulties related to turbocharging systems [3], of which 44 were received in just
one year in 1993 [4]. Therefore, while improving engine performance, the safety issues of turbocharging systems
mustbegivenequal attention.

Themodel-basedsystemsecurity analysismethodcanovercome the limitationsof traditionalmethods that cannot
consider coupling problems when facing complex coupling problems [5]. By establishing a turbocharging system
model for aviation piston engines, multiple safety factors affecting aviation piston engines can be numerically
transformed into input variables for sensitivity analysis of the turbocharging system model. This can effectively
obtain the sensitivity level of aviation piston engine performance under different safety factors, and classify safety
factors toachievesafetyanalysis in the faceof complex coupled problems.The responsesurfaceanalysismethod
uses multiple quadratic regression equations to fit functional relationships and explore the degree of influence of
influencing factors on response values, avoiding the limitation of ignoring the mutual influence between factors.
Sobol factor analysis is a global sensitivity analysismethod that quantifies thedegreeof influenceof parameterson
responsevaluesbycalculating the response indexof responsevalues throughmatrix calculations.

This paper uses a safety assessment process and an efficient analysis method for the turbocharging system by
combining model-based system safety analysis with the "V" type safety analysis process, response surface
analysis method and Sobol factor sensitivity analysis method. By constructing the engine model and fitting
equations for global sensitivity analysis, the sensitivity of the aviation piston engine turbocharging system
performance to different safety influencing factors is analyzed and compared. During actual running, the range of
safety influencing factors can be adjusted based on the analysis results, reducing the uncertainty of key factors,
andconductingefficient and intuitivesafety analysis to improve thesafety levelof the turbochargingsystem.

2. Safety Assessment Process and Analysis Method for Turbocharging System

2.1 Safety Assessment Process for Turbocharging System

The model-based system safety analysis method can overcome the limitations of traditional methods when
dealingwith complex coupling problems.When analyzing the safety of turbocharging systems, a complete engine
model should be established for analysis. The typical V-shaped process of model-based system security
assessment is shown in Figure 1, which mainly involves three stages: FHA, PSSA, and SSA. For the safety
analysis of the engine turbocharging system, a model can be used in the PSSA stage to analyze the possible
influencing factors of the failure modes that occur in the FHA stage, and targeted operation can be conducted to
explore thespecific degreeof impact.

Figure 1 - Model -based aircraft safety assessment process[6]
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2.2 Analysis Method for Turbocharging System

2.2.1 Boundary of Safety Influencing Factors

Thesafety boundary is a constraint conditiononvarioussystemsor components toavoid failure forms, forming the
maximum allowable range of variation for the research object. The safety boundaries of each subsystem or
component of the engine turbocharging system are not consistent with the optimal operating state or safety
boundary of the entire system when analyzed independently. Therefore, the maximum allowable range of each
parameterundereachoperating statecanbeanalyzedbasedon theoperating safetyboundaryof theengine, and
the safety boundary of the turbocharging system can be determined based on this. Referring to the operating
manual of the Rotax914 engine [7], the safe zone boundary for engine speed can be determined as 2500r/min-
5500r/min, thewarning zone is the area between engine speed 5500r/min-5800r/min, and the boundary line area
between engine speed 5800r/min is the limit operating boundary. Therefore, in the process of selecting safety
influencing factors and conducting operation and analysis in this article, it is necessary to ensure that the engine
operatingspeed isstablewithin thesafezoneboundary.

2.2.2 Interaction of Safety Influencing Factors

The safety boundary is to use Response Surface Methodology (RSM) to fit the functional relationship between
safety influencing factors 1 2 3( , , , , )nX X X X and the performance index Y of the engine turbocharging system
throughmultiple quadratic regressionequations, in order toexplore thedegreeof influenceof influencing factorson
responsevalues, avoiding the limitationof ignoring themutual influencebetween factors.

1 2 3( , , )nY f X X X X  (1)

Simulate the real limit state surface througha series ofmultivariate anddeterministic experiments. First, write down
thebasic equationof thequadratic term:
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Among them, y is the response value,  is the coefficient of each item, x is the safety influencing factor, and 
is theerror.Aftermultiple experiments, theequationcanbewritten inmatrix form:
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2 ' '

1
(y ) (y )

n

i
i

L X X    


     (4)

When the minimum variance is taken as the minimum value, it is obvious that the fitted surface is closest to the
actual value, and the fitted responsesurfacecanbeobtained.

2.2.3 Sensitivity of Turbocharging System to Safety Influencing Factors

Sobol factor analysis is a global sensitivity analysismethod that quantifies thedegreeof influenceof parameterson
response values by calculating the response index of response values through matrix calculation under given
independent variable types and ranges. By constructing a correlation matrix between the number of influencing
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factors and their respective ranges of variation, solving the impact index and analyzing sampling points, the
response values of safety influencing factors are obtained based on statistical formulas, intuitively reflecting the
sensitivity of the aviation piston engine turbocharging system to safety influencing factors, in order to analyze and
compare the impactof eachsafety influencing factor on theengine turbochargingsystem.

3. Establishment of Complete Aviation Reciprocating Engine Model

3.1 Establishment of System Model Architecture

Aviation reciprocating engines have strong coupling, transient, integrity, and nonlinearity. Therefore, when selecting
the systemmodel, there are roughly two constraints: on the one hand, specific requirements, maneuverability, and
time cost need to be considered; On the other hand, it is necessary to consider whether the model interface is
convenient for analysis and iteration. Therefore, a quasi-dimension model is selected to model the aviation
reciprocating turbochargingenginesystemasshown inFigure2.

Figure2 -Model architectureof two-stage turbochargingaviation reciprocatingengine

It is specifically divided intomultiple parts, including the cylinder working processmodel, intake and exhaust system
model, turbocharging systemmodel, and control systemmodel. The turbocharging system also includes the inter-
coolermodel, compressormodel, and turbinemodel.

3.2 System Model of Complete Aviation Reciprocating Engine

Decompose the actual complex system into several subsystems and establish corresponding physical models
before converting them into mathematical models. Without considering the filters of the intake system and the
mufflers of the exhaust system, the overall model of the engine is divided into threemain subsystems: the cylinder
workingprocesssystem, the intakeandexhaust system,and the turbochargingsystem.

3.2.1 Cylinder Working Process System

Thedifferential equationof temperatureoncrankshaft angle  is:

1 ( )w s eB
s c

v

dQ dm dmdQdT dV dmp h h u
d mC d d d d d d      

      (5)

BQ is the heat released from combustion, sm is the mass of inflow, sh is the specific enthalpy of the gas in front of
the intakevalve, wQ is theboundary flowheat, em is themassofoutflow,and ch is thespecific enthalpyof thegas in
thecylinder.

Thecombustionprocess inside thecylinderadopts theWeibe function:
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( )bx  is the mass fraction of burned gas, is the instantaneous crankshaft angle,  is an adjustable empirical
parameter, and s is the combustionquality index.

Theheat transfer process inside thecylinderadopts thesemi-empirical formulaWoschni function:
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D is the diameter of cylinder, mC is the speed of piston, sV is the working volume of the cylinder, and 0p
is the pressure of cylinder when the engine is pulled backwards.

3.2.2 Intake and Exhaust System

Considering the intake and exhaust valve throats as the flowarea changing over time, assume the flow process as
one-dimensional isentropic adiabatic flow, and represent the rate of change in the intake volume flowing into the
cylinder through the intakevalveas (s subscript to the intakepipestate):
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s is the flow coefficient, SA is the instantaneous flow cross-sectional area, p is the pressure of the working fluid
behind the intake valve, sR sk is the gas constant and adiabatic index of the working fluid before the intake valve,

sp and sT is thepressureand temperatureof theworking fluid before the intakevalve.

During the initial stage of exhausting, due to the huge pressure difference of the gas in the cylinder, it may lead to a
supercritical flow state of the gas flowing out through the exhaust valve, and then as the pressure difference
continues to decrease, it may transition to a subcritical flow state. Therefore, the rate of change in the exhaust
volume flowingout of the cylinder through theexhaust valve canbeexpressedas:

When 12( )
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eF is the instantaneous flowareaof the intake valve, rp is the pressure of the exhaust pipe after the exhaust valve,

e is the flow coefficient of the exhaust valve, p T and k is the pressure, temperature, and adiabatic index of the
working fluid in thecylinder.

3.2.3 Turbocharging System
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The matching accuracy between the turbocharging system and the whole engine directly affects the performance
andsafetyof the turbochargingengine.

Turbineoutputpower is:
1
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The torquebalanceequationof thebooster rotor is:

30
tc

t c tc
dnM M J
dt


  (12)

tM is the turbine torque, cM is the compressor torque, tcJ is the rotational inertia of the turbocharger, tcn is the
turbocharger speed.

3.3 Establishment of Simulation Model for Two-stage Turbocharging Engine

The process of establishing themodel involves parameters such as engine geometry, operating environment, and
characteristic experience,which canbeobtained throughengine technicalmanuals and relevant literature. Toadopt
a two-stage turbocharging engine systembasedon theRotax914 first-stage turbocharging engine, equipping it with
a first-stage compressor and a high-pressure intercooler. According to the enginemanual [7], themain parameters
aredetermined.

To meet the characteristics of the engine at an altitude of 10000 meters, the design goal is to achieve an output
power of 70.5kwat a loadof 100%anda ratedspeedof 5500rpm.Whena resistance coefficient of 0.9 is given, the
total boost ratio is determined to be 5.2. To ensure the stable running of the system and ensure that all parameter
indicators donot exceed themaximumallowable values, except for theair filter at the inlet endand themuffler at the
exhaust end, the component connection formof the prototype has been basically reproduced. The final established
two-stage turbochargedaviationpistonenginesystemmodel is shown inFigure3.

Figure3 - Two -stage turbochargingenginesystemmodel schematicdiagram
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4. Establishment of Response Surface Methodology Surrogate Model

The impact of various safety influencing factors on the engine turbocharging system has an interactive effect, and
analyzing only a single variable is incomplete and inaccurate. Therefore, response surface methodology (RSM) is
used to conduct responseoptimizationexperimentsandestablisha safety influencing factor surrogatemodel,which
can effectively improve the efficiency of safety analysis andexplore the impact of safety influencing factors and their
interactionson theperformanceof engine turbochargingsystems

4.1 Design Response Surface Experiment

The experiment takes the average speed of the compressor during the four processes of cylinder intake,
compression, combustion, and exhaust as the response value (Y ), selects four safety influencing factors: altitude
( 1X ), inlet valve diameter ( 2X ), exhaust valve diameter ( 3X ), and effective length of air filter ( 4X ), and designs a
four factor and three level response surface experiment based on the principle of response surface analysis. The
experimental factorsandparameter valuesareshown inTable1.

Table1 - Factorsandparametervaluesof the responsesurfaceexperiment
No. 1 /X km 2 /X mm 3 /X mm 4 /X mm /Y RPM No. 1 /X km 2 /X mm 3 /X mm 4 /X mm /Y RPM

1 5 30 30 120 3058.14 16 1 30 27 120 3185.81

2 9 27 30 120 2954.85 17 5 33 33 120 3117.39

3 5 30 27 108 3007.23 18 5 30 30 120 3058.14

4 5 30 30 120 3058.14 19 5 30 33 132 3056.31

5 9 30 33 120 2883.94 20 9 30 30 132 2882.95

6 5 33 30 132 3106.35 21 9 30 27 120 2951.80

7 5 27 30 108 2954.88 22 1 33 30 120 3308.29

8 5 27 27 120 2923.78 23 5 30 30 120 3058.14

9 5 30 33 108 3057.48 24 5 30 27 132 3005.90

10 9 33 30 120 2894.31 25 5 33 30 108 3107.39

11 1 30 30 132 3234.36 26 9 30 30 108 2881.74

12 5 27 33 120 2962.41 27 1 30 33 120 3246.47

13 5 33 27 120 3056.87 28 5 30 30 120 3058.14

14 1 27 30 120 3115.63 29 5 27 30 132 2953.71

15 1 30 30 108 3235.68

29 control experiments were designed using the Box Behnken method, and response surface models were
obtained based on simulation results. According to Table 2, the F value of altitude is 421.61, 510P  ; The
F value of diameter of the intake valve is 62.98, 510P  ; The F value of the exhaust valve diameter is
4.44, 510P  ; The F value of the effective length of the air filter is 0.0028, 0.9587P  . 0.0500P  Indicates
that the model item is not significant, 0.0500P  indicates that the model item is significant, and

0.0100P  indicates that themodel item isextremelysignificant.

Table2 - Thesignificance levelof safety influencing factors

Source F-value P-value Source F-value P-value
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A-Altitude 421.61 <0.0001 AC 5.93 0.0288

B-Int-valve 62.98 <0.0001 AD 0.0023 0.9624

C-Exh-valve 4.44 0.0536 BC 119.79 0.6845

D-L-Cleaner 0.0028 0.9587 BD 6.070E-06 0.9981

AB 16027.56 0.0003 CD 9.194E-06 0.9976

A2 4.79 0.0460 B2 2.79 0.1168

C2 2.81 0.1156 D2 1.78 0.2040

As shown in Figure 4, the changes in altitude and intake valve diameter have a significant impact on the
performance of the aviation piston engine turbocharging system. The changes in exhaust valve diameter have no
significant impact on theperformanceof theengine turbochargingsystem,and theeffective lengthof theair filter has
little effect on the performance of the engine turbocharging system. The interaction term AB , AC , 2A has a
significant impact on theperformanceof the engine turbocharging system,while theother secondary termshaveno
significant impact on theperformanceof theengine turbochargingsystem.

Figure4 - Theeffect of experimental factorson the responsevalue

4.2 Establishment and Analysis of Surrogate Model

After the establishment of the safety influencing factor surrogatemodel, Figures 5 and 6 illustrate the establishment
and fittingof thesurrogatemodel.
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Figure5 -Diagramof the forecast andactual valuedistribution

Figure6 -Diagramof thenormal probability distributionof residuals

The distribution map of predicted values and actual values as well as the normal probability distribution map of
residuals showa linear relationship, with amultivariate correlation coefficient 2R is 0.9744. It indicates that the fitting
model of thedatabasehasgoodcorrelationandadaptability.The finalproxymodel obtained is:

1 2 3 4 1 2 1 3 1 43058.14 156.39 60.44 16.05 0.4017 63.30 32.13 0.6325Y X X X X X X X X X X        

2 2 2 2
2 3 2 4 3 4 1 2 3 45.47 0.0325 0.0400 22.68 17.32 17.38 13.80X X X X X X X X X X      (13)

4.3 Response Surface Analysis of Interaction Terms in Surrogate Model

Response surface graph is a three-dimensional spatial surface graph formed by quantifying the response values of
various safety influencing factors. The shape of the surface graph can represent the level of interaction between
safety influencing factors. The possible effects of their interactions can be analyzed by changing the observed
response values of the studied variable on the response surface graph while keeping other parameters constant.
Figure 7 shows the response surface of six interaction terms generated by the aviation piston engine turbocharging
systemon foursafety influencing factors.
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Figure7 -Diagramof the turbochargingsystemresponds to the interaction

The steeper curve is, themore significant the impact of this factor on the performance of the turbocharging system.
When the number of elliptical contours on the contour lines is smaller and the contour shape of the contour lines is
closer to a circle, it indicates that the interaction between the two factors is smaller, and vice versa, it is larger. It can
be concluded that the interaction between altitude and intake valve diameter is significant, which has a significant
impact on the performance of the engine turbocharging system; The interaction between the diameter of the
exhaust valve and the effective length of the air filter is relatively small, and the impact on the performance of the
engine turbochargingsystem is relatively small.

5. Sensitivity Analysis of Safety Influencing Factors

According to the response surface analysis method, a safety influencing factor proxy model is obtained, and the
working safety boundary of the engine is set to determine the value range and number of sampling sample points
for four safety influencing factors. A sample matrix, sample transformation matrix, and response value matrix are
generated, and the sensitivity value of the engine turbocharging system to safety influencing factors is solvedbased
on the influence index formula.

5.1 Generation of Sample Point for Sensitivity Analysis

According to the previous text, the safety boundary for selecting the engine for operation is 2500-5500RPM , with
various safety influencing factors floatingby  5%,  10%,  15%,and  20%.Themoresamplepoints thereare,
the more accurately the relationship between variables and response values can be reflected, but once a certain
value is reached, the accuracywill tend to stabilize. Taking into account the running results and time costs, a total of
900000 sample points were selected. Figures 8-11 show the fluctuation curves of the first-order impact index and
total impact indexofeachsafety influencing factorwith thenumberof samplepoints.
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Figure8 -Diagramofaltitude first-order impact indexand total impact index

Figure9 -Diagramof int-valve first-order impact indexand total impact index

Figure10 -Diagramofexh-valve first-order impact indexand total impact index

Figure11 -Diagramof l-cleaner first-order impact indexand total impact index
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5.2 Generation of Matrix for Sensitivity Analysis

After determining the number of safety influencing factors D , their range of values and the number of sample
points N , a *2N D sample matrix M is generated (referred to in this article as 900000*8 ). Set the first 4
columns of thematrix M as thematrix A and the last 4 columnsas thematrixB , and the resultingmatrix A , B is
the sample matrix. Then replace the column i of the matrix B with the column i of the matrix A to construct the
*N D sample transformationmatrix iAB ( 1,2,3,i D  ). At this point, sixmatrices A ,B , 1AB , 2AB , 3AB and
4AB were constructed, resulting in *( 2)N D  which is 5400000 sets of input data 1X , 2X , 3X , 4X ,

corresponding to5400000setsof Y valuedataandsix responsevaluematrices AY , BY , 1AB
Y , 2AB

Y , 3AB
Y , 4AB

Y .

5.3 Generation of Index for Sensitivity Analysis

In the previous section, six response valuematrices AY , BY , 1AB
Y , 2AB

Y , 3AB
Y , 4AB

Y were obtained. Calculate the
first-order impact indexand total impact indexof eachsafety influencing factoraccording to the formula.

The formula for the first-order impact index is:
( ( | ))

( )
i ix x i

i

Var E Y X
S

Var Y
 (14)

The formula for the total impact index is:
( ( | ))

( )
i ix x i

Ti

E Var Y X
S

Var Y
 (15)

Among that:
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N i
x x i j j jj

Var E Y X f B f AB f A
N 

  (16)

2
1

1( ( | )) ( ( ) ( ) )
2i i

N i
x x i j jj
E Var Y X f A f AB

N 
  (17)

Therefore,the first-order impact indexand the total impact indexareshown in theTable3.

Table3 - Thesignificance levelof safety influencing factors

Altitude Int-valve Exh-valve L-Cleaner

First-order
impact index

1.0041 2.5749e-05 5.3312e-06 5.4342e-10

Total impact
index

1.0012 4.1750e-06 1.0788e-06 1.2311e-09

The first-order impact index and total impact index of altitude are much higher than other factors. During the actual
running environment of the engine, it is necessary to select appropriate flight space according to the running
objectives to avoid performance fluctuations or even engine failure caused by the high sensitivity of the engine to
altitude. Thesensitivity level of the engine turbochargingsystem to the diameterof the intakevalveand thediameter
of the exhaust valve is similar, both in the rangeof 510 to 610 , but the sensitivity level to thediameter of the intake
valve is still significantly higher than that to the diameter of the exhaust valve. Under normal running conditions, the
effective length of the air filter has almost no effect on the engine turbocharging system, and the first-order impact
indexand total impact indexaremuch lower than theother threesafety factors.
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6. Conclusion

This paper proposes a model-based safety assessment process and an efficient sensitivity analysis method for
turbocharging systems, and constructs a quasi-dimensional model of the entire two-stage turbocharging aviation
reciprocating engine. By using Response Surface Methodology to establish a safety influencing factor surrogate
model and using Sobol factor analysis method to calculate the sensitivity of the engine turbocharging system to
safety influencing factors, the followingconclusionsaredrawn.

1.Aircraft engines can apply the "V" type safety analysis process and integrate themodel into the analysis process
during thePSSAstage toachievemodel-basedsystemsafetyanalysis.

2.A system model of a two-stage turbocharging aviation reciprocating engine was established as a quasi-
dimensional model, referring to the performance parameters, structural parameters, andmatching principles of the
actualmodel.

3.Design response experiments using response surface analysis method, establish a four factor proxy model for
safety impact, anduse it asan important basis forsensitivityanalysis.

4.Sensitivity analysis was conducted using the Sobol factor analysis method, and it was found that the sensitivity
index of altitude wasmuch higher than other factors. The sensitivity index of intake valve diameter was higher than
that of exhaust valve diameter, but in terms of magnitude, it was similar. Under normal running conditions, the
effective lengthof theair filterhadalmost noeffect on theengine turbochargingsystem.

During actual flight, the range of changes in safety influencing factors can be adjusted based on the above
conclusions to reduce theuncertaintyof key factors, thusconductingefficient and intuitivesafetyanalysis.
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