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� A simulation approach for physical
model based reliability analysis is
introduced.

� A fuel supply system of a household
oil burner is analyzed as a test case.

� The fuel supply system is modeled
inclusive component and fuel
degradation.

� A functional relation of stress factor
and acceleration factor is described.
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In a fuel supply system of a conventional household oil heating system the fuel degrades over time
depending on the system temperature, the tank volume and the flow rates. The test fuel is a blend of
80 vol.% conventional domestic heating oil and 20 vol.% fatty acid methyl ester from rapeseed oil
feedstock. The fuel will increase the deposits in the fuel supply which lead to system failures. In this
paper a model based approach is introduced for the analysis of accelerated life testings. The impact of
the tank volume on the failure time is analyzed. A well balanced physical model is set up for stochastic
simulation. The model contains short term dynamic and long term transient degradation effects that have
an important impact on the system reliability. The degradation effects of the components and the used
fuel cause a system failure over time. A system failure is detected when the volume flow of the fuel
supply declines. The analysis shows that the typical variances of characteristic parameters lead to a
significant distribution of failure time. Furthermore, the functional relation between tank volume as
stress factor and failure time is described.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

A major problem of the reliability analysis of experimental data
is that a large number of tests is needed in order to describe the
statistical relations of component characteristics and failure time.
With a low number of experimental samples a statistical analysis
is difficult to achieve. Consequently the analysis is reduced to gen-
eral statements and a complete statistical analysis of failure data is
not possible. Commonly, due to cost and time reduction, only a
part of a system can be analyzed in detail. Models for lifetime anal-
ysis are generally either data-driven or derived from physical prin-
ciples via stochastic processes [1]. However, only a few methods
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Nomenclature

Roman letters
A surface area
AF acceleration factor
C capacity
Da Damköhler number
d deflection distance
i current
J mass inertia
k constant
L inductance
M torque
m mass
_m mass flow
n rotation speed
p pressure
_Q thermal power
R resistance
s stress factor
t time
U voltage
_V volumetric flow
V volume
v velocity

Greek letters
a heat transfer coefficient
b shape parameter
c location parameter
� motor specific constant
U source term
/ dynamic viscosity

w motor specific constant
q density
h temperature
s residence time
f pressure loss coefficient
l mean
r standard deviation
x angle speed

Indices
a accelerated
Byp bypass
Cap capacitor
F filter
fl fluid
K cake
lam laminar
MTTF mean time to failure
Mot motor
Noz nozzle
n non-accelerated
O orifice
oxi oxidation
P Piston
Pre preheater
PRV pressure relief valve
r rotor
s stator
th theoretical
tur turbulent
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have been introduced so far to support Model Based System
Engineering (MBSE) and Reliability, Availability, Maintainability,
Safety (RAMS) activities e.g. MeDISIS [2], SysML models [3],
RAMSAS [4,5] or physical models maintenance modeling [6]. The
reason is mainly due to absence of a consistent modeling frame-
work including physical models and degradation effects. A major
benefit of a physical modeling approach, however, is that the sim-
ulation of validated models can be repeated under different bound-
ary conditions.
1.1. Principles for accelerated life testing modeling

Accelerated tests are distinguished on the observed property.
While accelerated life testing (ALT) generate information on failure
time, the accelerated degradation test (ADT) is used for the explicit
temporal description of degradation data [7]. Most of the underly-
ing principles are the same for both ALT and ADT. ADT modeling is
commonly performed using regression models for the description
of degradation paths. In this paper physical models describe the
aging behavior, hence, in the following the more general principles
of ALT are introduced. ALT is a standard technique in industry to
reduce the test time of products and has created numerous litera-
ture and industry standards [8–15]. However, most of the
approaches use statistical analysis of experimental data only, with-
out considering physical background using models. A good over-
view on data-driven regression models are found in the works of
Lu, Meeker, Escobar and others e.g. [16–19]. A generic design of
an ALT program is summarized by Escobar and Meeker [19].
� The ALT related to an increased use rate is performed by increas-
ing load cycles per time. An example of this approach is
described in Dowling [20]. In this work, the crack growth of
metals has been described as a function of the load cycles.

� In ALT related to increased environmental influences, the degra-
dation is accelerated by chemical or physical mechanism.
Examples are found in the degradation of fuels by UV radiation
[21].

� In ALT with increased aging rate temperature and humidity are
changed in such a way that chemical processes lead to certain
failure mechanisms. For the temperature-dependent aging
behavior of liquids and gases the Arrhenius approach and Eyr-
ing approach is chosen. Liška [21] used the Arrhenius approach
for the description of the aging behavior of fuels.

� In ALT related to increased stress, degradation will be caused by
increased tension, pressure, voltage or other process variables.

The ALT models contain an acceleration factor, that is defined as
the relation of accelerated and non-accelerated failure time [19].
The stress factor is a characteristic change in the system operation
in order to force the degradation behavior. It is commonly defined
as the relation of two physical values (e.g. load cycles, tempera-
tures, etc.). The choice of a suitable stress factor is determined by
the materials and the operation of the technical system. In ALT,
methods are used to specify the effects of stress factors on the sys-
tem behavior. In general, one or multiple stress factors can be used
simultaneously [22]. Besides the standard approach different vari-
ants exist. When the stress factor is gradually increased with time,
the test is called a step-stress accelerated life testing (SALT). The
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progressive accelerated life testing (PALT) is a method with contin-
uously increased stress factor.
1.2. Aging behavior of fuels

The fuel stability is in general the resistance of a fuel to degra-
dation processes that can change fuel properties. Dunn [23]
describes the principle mechanism for fuel degradation:

� Oxidation or autoxidation from contact with oxygen present in
ambient air;

� thermal or thermal-oxidative decomposition from excess heat;
� hydrolysis from contact with water or moisture in tanks and
fuel lines; or

� microbial contamination from migration of dust particles or
water droplets containing bacteria or fungi into the fuel.

When bio fuel is oxidized, the resulting sediments can nega-
tively influence the performance of the fuel system [24]. Liška
[21] showed, that the failure time of components correlate with
the oxidation stability of fuels. The models for oxidation stability
based on experimental data have been documented by various
authors, e.g. [25–27], using an Arrhenius approach for the temper-
ature dependent aging of fuels. This approach will be used for the
description of bio fuel aging and component failure analysis in this
work.
1.3. Scope and outline of this paper

Classical reliability analysis of ALT rely on empirical statistical
relations without the inclusion of physical models. In this work
we present a novel approach combining physical models and
stochastic simulation with classical methods of reliability analysis.
Fig. 1 summarizes the approach used in this paper. Starting with
quality characteristics, the variances of model parameters are used
as boundary conditions for the system modeling and stochastic
simulation block. The system modeling and stochastic simulation
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Fig. 1. Overview on the analyse
consists of a modeling step including dynamic short term and tran-
sient long term behavior. A novel simulation approach is set up
without using a superordinate framework. Classical methods,
among them reliability analysis and stress-lifetime analysis, are
performed on the simulated failure time. As a test case the reliabil-
ity of a fuel supply system using a blend of 80 vol.% conventional
domestic heating oil and 20 vol.% fatty acid methyl ester from
rapeseed oil feedstock is analyzed here. Three different objectives
are considered in this paper:

1. Introduction of a consistent simulation approach for ALT using
physical models,

2. analysis of the expected distribution of failure time,
3. proof of test design and functional description of stress factor

and acceleration factor.

The paper is structured as follows. In the second section a for-
mal methodology for the description of a stochastic simulation of
degradation models is introduced. In the third section the test case
of a fuel supply system is presented including the experimental
observations and model validation. In the fourth section the relia-
bility analysis is performed. Finally the conclusions and discussion
are presented.
2. Methodology: stochastic simulation of degradation effects
with physical models

The stochastic simulation approach presented in this work is
explained in three steps. In a first step the modeling principles
for lifetime analysis are introduced. This step includes the require-
ments for the numerical modeling approach. In a second step, the
formal structure of the simulation procedure is introduced. After
the stochastic simulation of system failure behavior, the failure
data are analyzed with classical statistical approaches and a func-
tional expression of failure time depending on the stress factor is
presented in a third step.
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2.1. Modeling principles for lifetime analysis

The simulation approach presented here uses physical models
that are commonly applied in product development. The governing
equations, e.g. energy and mass balances, are formulated as differ-
ential equations considering the dynamic short term behavior. The
most important issue is the inclusion of the degradation behavior,
which is called long term behavior.
2.2. Algorithm

The simulation algorithm consists of initialization of the model
parameters, the simulation loops and the statistical analysis of the
failure data. The sequence of the stochastic simulation is summa-
rized in the structogram in Fig. 2. In a first step, the initialization
of the model parameters is performed, while two different kind
of parameters have to be distinguished. The constantmodel param-
eters do not change over the simulation runs (e.g. physical con-
stants). The random samples represent quality differences (e.g.
geometrical tolerances) related to each simulated system. The nat-
ure of the random parameter sets can be freely defined, e.g. mod-
eled statistically dependent or independent. In a second step, the
stochastic simulation is performed in three loops. The outer loop
(A) is passed for each stress factor s. The stress factors are imposed
to the system operation in order to analyze the failure behavior.
The middle loop (B) runs for each group of samples N and termi-
nates when a defined maximum simulation sample Nmax is com-
pleted. In the inner loop (C) M simulation blocks are simulated in
parallel. Since the inner loop can be simulated in parallel, the sim-
ulation is much faster than a sequential simulation.
1. Initialization:
load model constants
define stress parameters S
generate random samples of model parameters

2. loop runs
(A) for s=1 to S

(B) while N < Nmax

(C) for m=1 to M

assign constants and random numbers
simOut=sim(model)
failT imeBlock(m)=simOut(end)

N = N + M
failT imeTot = [failT imeTot; failT imeBlock]
create PDF, CDF, HR

Analysis simulation loop:
plot histogram, probability plot, hazard rate
safe data

3. Analysis of accelerated life testing:
plot stress factor vs. failure time
calculate accelerating factor AF
safe data

Fig. 2. Structogram for the stochastic simulation approach.
2.3. Analysis

In a third step, the lifetime analysis is carried out. The failure
time is determined using a fault detection method with limit
checking or any other fault detection method [28]. The parameters
for the distribution function are fitted with the simulated failure
data. With the resulting parameters the probability density func-
tion (PDF), the cumulative distribution function (CDF), the hazard
rate and histograms are determined. In the following test case,
an experimental set of observations has been made with failure
free time. Hence, the commonly used three parameter Weibull dis-
tribution is proposed and discussed in reliability analysis.

The general cumulative distribution function of the three
parameter Weibull distribution is

FðtÞ ¼ 1� exp � t � c
g

� �b
" #

; ð1Þ

with g as scale parameter, b as shape parameter, c as location
parameter (or failure free life) and t as the operating time. The sim-
plest acceleration model assumes a linear effect over time. There-
fore, the acceleration factor AF is introduced as

AF ¼ tn=ta; ð2Þ
with tn as the failure time under non-accelerated condition (index
n) and ta the failure time under accelerated condition (index a).
Assuming a linear ALT model the acceleration factor is also the rela-
tion of the non-accelerated and accelerated scale parameter and
location parameter [29]

AF ¼ gn=ga ¼ cn=ca: ð3Þ
The relation between the failure probability under non-

accelerated conditions Fn and accelerated conditions Fa can be
expressed by combining Eqs. (1) and (2)

FnðtnÞ ¼ FaðtaÞ ¼ Fa
tn
AF

� �
¼ 1� exp � tn=AF � ca

ga

� �b
" #

¼ 1� exp � tn � caAF
gaAF

� �b
" #

: ð4Þ

The three parameters of the Weibull function are fitted to the
numerical failure data using the least squares procedure. With
the v2 test the distribution is checked with the simulated data.
The functional relation between the stress factor s as a process
variable and the acceleration factor AF as a statistical parameter
of the distribution function will be demonstrated with a test case,
including degradation of fuels in a domestic oil heating system.
3. Description of a fuel supply system

3.1. Experimental tests

Liška et al. [30] described the degradation behavior of the
hydraulic–mechanical part of a fuel supply system of a domestic
oil heating system caused by degrading bio fuels. The design of
the experimental test rig is summarized in Fig. 3. The system con-
sists of the hydraulic components and a tank. In real applications
only a part of the fuel passes the nozzle for combustion. The
remaining fuel is fed back to the tank. Hence, in order to enforce
rapid degradation of the fuel supply system, the ALT experiment
was carried out without combustion. Since the fuel is pumped
around in a loop, the tank volume has a significant impact on the
system degradation. The tank volume is varied in multiple stages
and lead to decreasing failure time with decreasing tank volume.
The test rig was set up with following operating conditions [30]:



Fig. 3. Set up of the experimental test rig including components, measurement and control devices [30].
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� Pump pressure 10 bar ( _VNoz � 1:2 l h�1),
� temperature after preheater hPre ¼ 75 �C,
� temperature in tank hTank ¼ 35 �C,
� intermittent operation: 45 h of continuous operation, 3 h break,
� length of copper spiral 12 m,
� max. operating time 4000 h,
� tank volume VTank ¼ 60, 40, 30 and 20 l.

In the experiment, eight identical systems were investigated in
parallel. Two systems each were operated with the same tank vol-
ume. System number 1 and 5 were operated with 60 l, 2 and 6 with
40 l, 3 and 7 with 30 l and 4 and 8 with 20 l tank volume respec-
tively. The experiments are grouped in sets with index i as summa-
rized in Table 2. The test fuel is a mixture of domestic heating oil
(DHO) and 20 vol.% fatty acid methyl ester (FAME). The DHO has
specifications according to DIN 51603-1 and contains no perfor-
mance additives. The FAME meets the requirements of EN 14214.
In the fuel tank, the fuel is stored and pre-conditioned to a tem-
perature of hTank ¼ 35 �C. The temperature of the tank is condi-
tioned by an electric heater. The fuel passes a copper spiral and
enters the pre-filter. The pump is constructed as a two-pipe sys-
tem. The pressureless return pipe of the pump is fed directly back
into the tank. The pressurized volume flow is led through a valve to
the preheater. The preheater conditions the fuel temperature to
hPre ¼ 75 �C. Behind the nozzle the fuel is released to ambient pres-
sure. The aerosol is liquefied in a glass cylinder and returns back
into the tank. The overview of the setup presented in Fig. 3 also
shows the installed measurement devices for temperature, pres-
sure and volume flow.

Fig. 4 summarizes the failure times for each experimental sys-
tem of the components preheater, nozzle and pump, measured
by Liška et al. [30]. After a component failure, the component is
changed and the experiment continues. In general the order of fail-
ures started with the nozzle, the preheater and finally the pump.
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However, the order of failure does not always correlate with the
tank volume. In order to analyze the reliability of the system, a
numerical simulation is performed with a validated system model
of the experimental set up.

Beside the long term tests, several characterization tests of the
components has been performed in order to obtain the quality
characteristics. The results are used as the input parameters of
the stochastic simulation and are tabulated in Appendix A.

3.2. Fuel aging

For the description of a temperature dependent aging behavior
of the fuel, the Arrhenius equation is used. Various authors have
determined the temperature dependence of the fuel aging based
on oxidation stability. The reaction rate constant of the oxidation
koxi is described with

koxi ¼ A � expð�EA=RhÞ; ð5Þ
where A is the pre-exponential factor in h�1, EA is the activation
energy in J mol�1, R is the universal gas constant in J mol�1 K�1

and h is the temperature in K. The coefficients for the Arrhenius
equation used in this experimental set up according to Liška [21]
are summarized in Table 1. The given data for the Arrhenius equa-
tion describe the temperature dependent aging behavior of the fuel.
This Arrhenius approach describes that the reaction rate constant
increases with increasing temperature. Hence, the preheater causes
the highest thermal stress, since this is the location with the highest
temperature in the system. However, only a minor part of fuel is
passed through the preheater and nozzle. These contrary effects
on degradation behavior are analyzed in detail in the description
of the stress factor.

3.3. Description of the stress factor

The reduction of the tank volume reduced the failure time of the
components, so that the reduction of the tank volume is an
influencing factor in the ALT. In previous studies [21,30], it was
shown that the fuel is aging with higher temperatures in particular.
The resulting deposits from the aging products are responsible for
the filter plugging of the preheater and the nozzle and other
mechanical components that happen to be in contact with the fuel
Table 1
Aging characteristics of a bio fuel with 20% FAME [21].

Stability in h Exp. factor in K�1 Preexp. factor in h�1

90 �C 110 �C 130 �C EA=R A

58.0 13.0 3.1 10.706 1 � 1011
and may cause a system failure. Consequently, the temperature is
considered as the second variable next to the tank volume. In the
system shown in Fig. 3, there are two places where the tempera-
ture is regulated: in the preheater and the fuel tank. While the pre-
heater keeps the fluid temperature at hPre ¼ 75 �C, the temperature
in the tank hTank ¼ 35 �C is significantly lower. According to the
Arrhenius equation, the relative high temperature in the preheater
leads to a faster fuel aging. However, the tank volume is signifi-
cantly larger than the volume of the preheater so that a large part
of the fuel is not exposed to the high temperature. About 10% of the
volume flow is pumped through the preheater and the nozzle, the
majority of the volume flow returns back to the tank through the
bypass. The volume flow that experiences the temperature
increase is thus relevant as the third variable.

A dimensionless number that relates the variables volume, vol-
ume flow and temperature is the first order Damköhler number.
The Damköhler number relates the reaction timescale (reaction
rate constant) to the convection timescale (flow rate) for continu-
ous or semibatch chemical processes [31]. First, the residence time
s is defined as the ratio of the volume and the volume flow in a
reactor. Second, the temperature dependence is directly included
in the reaction rate constant koxi. Hence, the dimensionless
Damköhler number is now expressed with

DaI ¼ skoxi ¼ ðV= _VÞkoxi: ð6Þ
With the Damköhler number one can now compare the influ-

ence of the preheater and the tank on the fuel aging. Fig. 5 shows
the variation of the ratio DaI;Pre=DaI;Tank as a function of the tank vol-
ume and the tank temperature. Up to a tank temperature of about
50 �C the ratio is greater than one, indicating that a significant pro-
portion of the reaction products is caused by the preheater. How-
ever, from about 50 �C and higher tank temperature, the
contribution of the tank is larger than the contribution of the pre-
heater. This however, implies that a variation of the tank volume
has no influence on the fuel-related failure time. When the ratio
of Damköhler number is greater than one, a larger tank volume
has a retarding effect on the fuel aging.

The reduction of the tank volume is also a reduction of resi-
dence time, since the volume flow of the pump remains constant
over time. The stress factor si for each experimental set i is now
defined with

si ¼ s1=si; ð7Þ

as a relative residence time. The dimensionless stress factor is
related to the tank volume of 60 l, with s1 ¼ 1:50 h. The correspond-
ing stress factor si for each experimental set i is summarized in
Table 2. A tank volume of VTank ¼ 20 l leads to a 3 times higher
0.02 0.03 0.04 0.05 0.06
0

5

Tank volume V
Tank

 in m³

 

Fig. 5. Relation of the Damköhler number of the preheater DaI;Pre and the tank
DaI;Tank . The dashed line represents the case DaI;Pre ¼ DaI;Tank .
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Table 2
Relation between volume and stress factors of the system.

i 1 2 3 4 –
VTank 60 40 30 20 l
System no. 1, 5 2, 6 3, 7 4, 8

si 1.50 1.00 0.75 0.50 h
si 1.00 1.50 2.00 3.00 –
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physical stress compared to the reference case at VTank ¼ 60 l. This
ALT is an increase of use rate as described in the introduction.

3.4. Physical model

In order to perform the reliability analysis of the system a phys-
ical model is set up and validated with the experimental data. The
complete physical models consists of the models for themechanical
components (components that lead to system failure according to
Fig. 4: induction motor, fuel pump, preheater and nozzle) and
the fuel. All the models of the components can cause a failure of
the complete system, hence the system characteristics and degra-
dation behavior of each component has to be analyzed. The phys-
ical model consists of the dynamic system models and the
degradation models. The dynamic system models are explained
in Appendix A. The degradation models are described briefly.

Components. The induction motor can fail through very different
failure modes. During experimental observation of this component
a degradation of the capacitor could be identified. The decreasing
capacity of the capacitor leads to decreasing starting torque of
the motor. The degradation behavior of capacitors has been
described by various authors, e.g. Kulkarni et al. [32]. The degrada-
tion of the induction motor is described by

dCCap

dt
¼ �kCap; ð8Þ

which represents a simple linear degradation behavior of the capac-
itor over time. The degradation rate kCap is the capacity loss per
time. The start value of CCap;0 ¼ 2:99 lF is reduced by kCap times
the operating time t.

The experimental observations have shown the formation of
deposits on components with fuel contact. The deposits lead to
pressure loss in the fuel system until the volume flow was insuffi-
cient and the system failed. For the description of the degradation
behavior of the preheater, an extended Bernoulli equation is set up.
The pressure loss of the preheater is

DpPre ¼ fPrev2
flqfl=2; ð9Þ

with fPre as the pressure loss coefficient, v fl as the fluid velocity and
qfl as the fluid density. The pressure loss coefficient increases over
time and is dependent on the concentration of the degradation
products of the fuel. The degradation of the pressure loss coefficient
fPre is here described with

dfPre
dt

¼ kpart;1 _mpart: ð10Þ

The start value fPre;0 is a component specific loss that is present
at the beginning of the observation time. It can be estimated by
measuring the pressure drop of the preheater at the beginning of
the test. It is assumed, that the deposits from fuel degradation lead
to pressure losses over time. The deposits originate from aging
products _mpart of the fuel. The parameter kpart;1 is a proportional
scaling factor and can be determined by measuring the increasing
pressure drop of the preheater over time.

For the description of the system behavior and degradation
behavior of the oil burner nozzle the Darcy equation is set up in
combination with the equation for the orifice. The total pressure
loss over the nozzle DpNoz is

DpNoz ¼ DpO þ DpF þ DpK ; ð11Þ
with DpO as the pressure loss of the orifice, DpF the pressure loss of
the filter and DpK the pressure loss of the filter cake. The orifice
equation is used for the description of the nozzle hole. The volume
flow is proportional to the root of the pressure, hence

DpO ¼ qfl

2

_VNoz

AO

 !2

¼ qfl

2A2
O

dVNoz

dt

� �2

: ð12Þ

With the assumption that the height and permeability of the fil-
ter stays constant over time, the pressure loss of the filter is
described by

DpF ¼
hF

BF
/fl

_VNoz

AF
¼ b/fl

1
AF

dVNoz

dt
: ð13Þ

The constants for filter height hF and permeability BF are sum-
marized in factor b. The filter cake growths over time due to depo-
sition of fuel aging products. With the Darcy equation the resulting
pressure loss for the filter cake is defined as

DpK ¼ hK

BK
/fl

_VNoz

AF
¼ kNoz

BK
/fl

VNoz

A2
F

dVNoz

dt
: ð14Þ

The volume of the filter cake is assumed to be proportional to
the passed volume VNoz. Hence, a proportional factor
kNoz ¼ ðhKAFÞ=VNoz is introduced. With

DpNoz ¼
qfl

2A2
O

dVNoz

dt
þ /fl

AF

kNoz
BKAF

VNoz þ b
� � !

dVNoz

dt
ð15Þ

a compact differential equation for the complete nozzle behavior
including degradation is set up. The term kNoz=BKAF describes the
degradation behavior of the nozzle filter. Since the deposits depend
on the particle concentration in the pumped fluid, it is assumed that
the parameters kNoz=BKAF are related to the actual particle flow.
Hence,

kNoz
BKAF

¼ kpart;2 _mpart ð16Þ

with kpart;2 as a proportional scaling factor. Similar to the preheater,
the term describes the pressure drop over the nozzle that leads to
reduced volume flow. The parameter kpart;2 can be estimated with
the volume flow and pressure drop of the nozzle. With the model
equations the degradation behavior can be analyzed.

The system pressure over the time is shown in Fig. 6. One can
see that the pressure is increasing over the time with different
increasing rates. The pressure increase originates from an increase
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in pump capacity over the time. Fig. 7 shows the corresponding
volume flow of the experimental set up and the numerical model
over time. A system failure is detected, when the volume flow is

lower than _VNoz ¼ 0:8 l h�1. This behavior is a crucial system infor-
mation that describes the degradation path of the system. The
physical model has been validated under different operating condi-
tions, including the variation of tank volume and temperature.

Fuel. In the numerical model we assume that the fuels can cre-
ate deposits that change the behavior of the system components.
The temperature dependency of the fuel has already been intro-
duced in Eq. (5). Following equation describes the mass balance
for the fuel and a deposit (index part) that is created by oxidation.

dmfuel

dt
¼
X

_min;fuel �
X

_mout;fuel �U ð17Þ
dmpart

dt
¼
X

_min;part �
X

_mout;part þU ð18Þ

The source term U ¼ Vkoxi=qfl is the amount of fuel that is converted
to oxidation products and is subtracted to the fuel balance and
added to the balance of oxidation products. The creation of fuel
aging products is connected to the component behavior.

4. Reliability analysis of the components and system

As described in the introduction, the present test is an ALT with
increased use rate with s as one single stress factor. The goal of the
present analysis is now to determine the impact of the quality
characteristics of the physical model with respect to reliability.
As shown in the experimental analysis, the system behavior
changes over the time. The system output of one component is
usually the input of another component. Hence, when the output
is not constant over the time, the other component is also effected.

4.1. Failure modes of the components

Since the components suffer different failure modes, the main
components motor-pump, preheater and nozzle are analyzed in
detail.

Motor-pump-subsystem. The induction motor may fail caused by
different failure modes. During operation, for example, a failure
due to overloading of the motor windings can occur. During
start-up it may happen that the starting torque of the engine is
below the load torque of the pump. In this case, the system fails
immediately, without starting the motor. The experiments have
shown that the time scales for the failures caused by exceeding
the starting torques occur much earlier than the failure due to
mechanical wear or overloading. In the following analysis, there-
fore, only the comparison of the starting torque is performed.
The analysis of the induction motor is performed with the fol-
lowing assumptions:

� A failure of the motor is only possible when the motor-pump
system is starting. Hence, no incipient (soft) failures occur,

� a failure is identified, when the starting torque of the motor is
smaller than the torque of the pump.

Similar to the induction motor the pump fails due to several
failure modes. The causes include exceeding a critical starting tor-
que, the alleviation of the spring in the pressure relief valve or the
mechanical wear of the gears and thus extremely high internal
leakage. Numerical analysis and experimental observations have
shown that an increase of leakage losses is barely visible for the
other components preheaters and oil nozzle. The failure due to
excessive leakage losses could not be observed on the test bench
within the observed period. Because of deposits in the fuel pump
an increase in the starting torque was observed on the test bench.
In combination with the degradation of the induction motor (here
the starting torque decrease due to the declining capacity of the
capacitor), this behavior can lead to failures that may occur during
the observation period. Since the assignment of the failure to
induction motor or pump is not effective, the failure of the pump
and induction motor are joint. A failure of the motor-pump unit
occurs when the motor torque is smaller than the starting torque
of the pump. The degradation of the capacitor now causes a
decreasing starting torque of the motor over time, while the depos-
its in the pump cause an increasing starting torque of the pump.

Fig. 8 shows the histogram of the startup torque of the engine
and the pump at the start t ¼ 0 h of the experiment. The abscissa
shows the torque in Nm and the ordinate represents the frequency
of the simulated starting torques. In the illustrated stochastic sim-
ulation n ¼ 2000 runs were performed. Due to the relative narrow-
ness of the capacitor capacity of the motor, the variation of the
engine torque is significantly smaller than that of the pump. The
torques are relatively far apart so that no failure is expected.

Fig. 9 shows the distribution of simulated torques after 4000 h.
Over time, the distributions are approaching which can lead to an
overlap of the distribution functions. A definition of the failure
probability F ¼ PrðMPumpðtÞ P MMotðtÞÞ is appropriate for the
description of the motor-pump failure. This definition includes
the failure criterion previously defined (failure due to reduced vol-

ume flow at the nozzle below _VNoz 6 0:8 l h�1). With time, the
starting torque becomes too low to accelerate the pump to nominal
speed. As a consequence, the volume flow of the nozzle is not suf-
ficient and leads to a failure. In simulation the aging of the motor-
pump-subsystem could be observed, but did not lead to system
failure, since other components failed before.
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Preheater. The preheater consists of a heat exchanger, which can
block due to deposits. The deposit in the preheater leads to a pres-
sure drop so that the nozzle reduces the volume flow until a failure
is triggered. A failure of the oil preheater is clearly distinguishable
to the pump and the nozzle, since the pressure drop of the pre-
heater is determinable. A failure of the preheater is caused by a
pressure drop, represented by an increase of the pressure loss coef-
ficient fPre in Eq. (10).

Nozzle. Similar to the preheater, the nozzle also suffers filter
plugging over the time. The nozzle failure depends mainly on the
fuel aging. The failure behavior is modeled according to Eq. (16).
The parameters kNoz=BKAF depend on the particle loading of the fuel
and increase over the time. Under the described conditions, the
nozzle has the shortest average failure time.
4.2. Reliability analysis of the system

The systemanalysis has been performedwith 2000 randomsam-
ples of the validated physical model. The parameters of theWeibull
function according to Eq. (1) has been estimated using the least
square method. The parameters of the four different simulations
with a tank volume of VTank ¼ 60, 40, 30 and 20 l are summarized
in Table 3. While the shape parameter bi is more or less constant
for all simulated cases, the characteristic life gi and the location
parameter ci decrease with increasing stress level. The constant
shape parameter implies that the system fails in the same manner
across different stress levels. For completeness, the mean time to
failure TMTTF;i of each experimental set i is summarized in the table.

The graphical interpretation of the failure probability is shown
in Fig. 10. The abscissa shows the logarithmic difference of the
failure time t and the location parameter c and the ordinate the
resulting failure probability. The fit lines for the different tank
volumes (and hence stress levels) are depicted as dashed lines.
The failure probability is assumed to be a three parameter Weibull
distribution, the fit is reasonable for the simulated failure times.
Table 3
Parameters of the reliability analysis for the complete system for various experi-
mental sets i.

i 1 2 3 4 –
VTank 60 40 30 20 l

si 1.00 1.50 2.00 3.00 –
AFi 1.00 1.17 1.42 1.82 –

gi 540.80 463.12 379.30 296.98 h
bi 2.75 2.86 2.61 2.59 -
ci 1704.00 1419.44 1271.98 1046.40 h

TMTTF;i 2185.31 1832.23 1608.92 1310.10 h
The average failure time decreases with increasing stress factor,
since the lines shift to the left side with decreasing volume
(increasing stress). Since the shape parameter bi is constant for
all different stress levels, it can be concluded that the tank volume
is a suitable stress factor for ALT. The shape parameter is a measure
of the variability of the data. Hence, a high shape parameter bi

implies a low variability of the failure time. If the shape parameters
differ, other effects would overlap the aging. If different stress
levels yield data with very different shape parameters, then either
the three-parameter Weibull sampling distribution is the wrong
model for the data or we do not have a linear acceleration condi-
tion [29].

The impact of the stress factor on failure time is shown in
Fig. 11. The figure shows the PDFs for each stress level on a linear
time axis. The distribution parameters g and c and the mean time
to failure TMTTF are depicted in the figure. The failure free time c
represents the beginning of the PDF. It is assumed, that no failure
occur before this time. The characteristic life of the system is the
sum of scale parameter g and location parameter c. At this time,
63.2% of the systems have failed. The mean time to failure TMTTF

represents the time when 50% of the systems have failed. One
can see, that each parameter declines with higher stress factor.
Since the shape parameter bi remains constant for all stress factors,
the variances of the PDFs decline with increasing stress factor. For a
comparison of the experimental failures and the simulated failures,
the failure time of the experimental observations have been added
in the figure. One can see that the experimental system failures are
all within the variance of the numerical analysis.

4.3. Relationship between stress factor and acceleration factor

When using ALT, the transformation to the non-accelerated
degradation process is a central issue. Hence, a functional depen-
dency of the stress factor and failure time is desired. A simple
approach is a linear transform action of failure time, [33]. The rela-
tion between accelerated failure time ta, non-accelerated failure
time tn and the acceleration factor AF is given by tn ¼ AF � ta. With
Eq. (4) the failure distribution under accelerated conditions can be
transformed to non-accelerated conditions. Furthermore, from the
parameters of the Weibull distribution in Table 3 the acceleration
factor AF can now be estimated as a function of stress factor s. In
Eq. (19) the acceleration factor is referred to the failure time at
VTank ¼ 60 l and is calculated for each set of experiments. The func-
tion type depends on the relationship of lifetime and stress factor
(e.g. linear approach, Arrhenius, Eyring, etc.). The acceleration fac-
tor can be expressed for each experimental set with

AFi ¼ g1=gi ð19Þ
where g1 is the scale parameter under non-accelerated conditions
and gi the scale parameter for each experimental set. The relation
between acceleration factor AF and stress factor s is linear. Hence,
the functional relation of the acceleration factor AF can be estimated
using a linear fit function with

AF ¼ f ðsÞ ¼ 0:4178 � sþ 0:5702 ð20Þ
as a function of the stress factor s. Based on the experimental data,
the relation is assumed to be linear. The numeric values of the linear
function have been derived using a least square approach. In the
experiments, the volume was decreased from 60 to 20 l. Using the
lifetime of the 60 l case as a reference, the equation leads to an
acceleration factor of AF ¼ 1:82 at VTank ¼ 20 l. This value is in good
accordance with the inverse life factor in the experimental analysis
of Liška et al. [30]. While the stress factor s is an operating condi-
tion, the acceleration factor AF is a statistical parameter that relates
a failure distribution of accelerated and non-accelerated life tests.
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With Eq. (20) a linear relation of operating condition and lifetime
acceleration can be concluded.

5. Conclusion

In this paper a simulation approach using physical models for
ALT has been presented. The method has been applied on a hydrau-
lic–mechanical part of a fuel supply system of a domestic oil heat-
ing system. The test fuel is a blend of 80 vol.% conventional
domestic heating oil and 20 vol.% fatty acid methyl ester from
rapeseed oil feedstock. The relative residence time si ¼ s1=si could
be identified as a suitable stress factor for the ALT. The analysis of
the ALT has shown a linear relationship of the stress factor s as a
process condition and the acceleration factor AF as a statistical
parameter of the test program. Furthermore, the results of the reli-
ability analysis have shown that variances of about 10% of compo-
nent characteristics lead to a high variance in the failure time of
several hundred hours. The variance of the failure time, however,
decreases with higher stress factor. For the analyzed experimental
set up, a linear dependency of stress factor, acceleration factor and
failure probability could be determined.

A major benefit of the presented simulation approach is that the
failure analysis of the components is described including the
degradation behavior. While the failure analysis describes the rela-
tionship of stress factor, acceleration factor and failure distribution,
the physical model allows a deep insight of the degradation behav-
ior. The parameters of the physical model are determined by
experimental model validation and describe the complete degrada-
tion process.
The approach can be used for the description of system failures
based on validated numerical models. While the approach is sug-
gested as a complementary analysis of experimental data, the
approach can be used for optimization of experimental design as
well. With the help of numerical models further applications are
possible. The method can be extended on repairable systems in
order to optimize the maintenance intervals. Furthermore the
model approach can be used to optimize the system reliability.
One problem is that such models may become cumbersome. In
order to handle with the wide range of time scales, a modeling
approach for short term and long term simulations can be com-
bined with the stochastic simulation [34].

Appendix A. Used physical models and statistical data

A.1. Numerical models for the components

The energy balances of an induction motor are described with
the differential equations for mechanical, electrical and thermal
subsystems. A simplified model is introduced with

dxMot

dt
¼ 1

JMot
½MMot �MLoad �MFrict�; ðA:1Þ

dir
dt

¼ 1
Lr
½UD � k1xMot � Rrir �; ðA:2Þ

dis
dt

¼ 1
Ls
½k2UD � Rsis�; ðA:3Þ



Table 4
Summary of the quality data.

Component Parameter Distribution Mean Standard deviation Unit

Motor CCap;0h Normal l ¼ 2:99 r ¼ 0:0179 lF
cCap Normal l ¼ 2:41 � 10�4 r ¼ 6:44 � 10�5 lF h�1

Pump Vth Normal l ¼ 2:91 � 10�7 r ¼ 4:47 � 10�9 m3

Clam Normal l ¼ 1:71 � 10�12 r ¼ 2:32 � 10�13 m4 s kg�1

Mc Normal l ¼ 0:11 r ¼ 0:05 Nm
Preheater fPre;0 Normal l ¼ 0:0013 r ¼ 0:00013 –
Nozzle b Normal l ¼ 10�8 r ¼ 10�9 –
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dhMot

dt
¼ 1

mcMot
½ _QMot;in � _QMot;out�: ðA:4Þ

The balances contain the mass inertia JMot , the electrical inertia
(inductance) of the stator Ls and the rotor Lr and thermal inertia
mcMot of the motor. The constitutive model equations link the dif-
ferential equations. With

MMot ¼ mp
ð1� �Þw

Lsð1þ �2w2Þ
UD

2

x2
s
; ðA:5Þ

MFrict ¼ kFrictxMot ðA:6Þ
the equations for the motor torque MMot and the friction torque
MFrict are described [35]. Here, m is the number of phases, p the
number of poles, Ls the inductance of the stator, � and w are two
motor specific parameters. The friction torque is described with
the constant kFrict times angle speed of the motor xMot . The angle
speed of the stator xs is proportional to the grid frequency,
xs ¼ 2pf grid. The motor specific parameters are described with

� ¼ 1� Lh
2

LsLr
; ðA:7Þ

w ¼ xrLr
Rr

; ðA:8Þ

where Lh is the main inductance, Ls the inductance of the stator, Lr
the inductance of the rotor and Rr the resistance of the rotor [35].
The electrical and thermal balance is coupled with

_QMot;in ¼ ðRs þxrð1� �ÞLsw=ð1þ w2ÞÞi2s þMFrictxMot; ðA:9Þ

_QMot;out ¼ aMotAMotðhMot � hUÞ; ðA:10Þ
where hU is the temperature of the environment, hMot the motor
temperature, aMot the heat transfer coefficient and AMot the surface
area of the motor.

The capacitor has an important impact on the starting torque of
the engine. The capacitor is included with

UD ¼ Us � RCapis � 1=CCap

Z
isdt; ðA:11Þ

where UD is the voltage of the motor and Us ¼ 230 V the supply
voltage of the grid and RCap the resistance of the capacitor [36].

The gear pump is expressed by static model equations. The mass
inertia of the gear pump has an important influence on the accel-
eration of the induction motor and can be reduced to the motor
shaft such that the gear masses are represented in the model.
Schlösser [37–40] developed a mathematical model for gear
pumps. The volumetric part of the model can be described with

_Veff ¼ _Vth � _Vloss; ðA:12Þ
where _Veff is the effective volume flow, _Vth ¼ xMotVth the theoretical

volume flow and _Vloss the volumetric losses. The volumetric losses
are divided into a laminar _Vloss;lam and a turbulent _Vloss;tur part, with
_Vloss ¼ _Vloss;lam þ _Vloss;tur ¼ ClamDpþ CturDp2: ðA:13Þ
Parameter Clam and Ctur are loss coefficients for laminar and tur-

bulent losses related to the pressure difference Dp. The constitutive
equations for the hydraulic–mechanical part are described with

MLoad ¼ Mth þMv þMt þMp þMc; ðA:14Þ

Mth ¼ DpVth

2p
; ðA:15Þ

Mv ¼ cvvVth/flnMot; ðA:16Þ

Mt ¼ ctvqfl
n2
Mot

4p
Vth; ðA:17Þ

Mp ¼ cpv
VthDp
2p

: ðA:18Þ

The pump torque MLoad is the theoretical torque Mth plus the
torques related to liquid friction Mv , fluid density Mt and pressure
difference Mp. Furthermore, Vth is the theoretical volume and nMot

the motor speed. The losses are related to dimensionless loss fac-
tors for liquid friction cvv , fluid density ctv and pressure cpv .

The pressure relief valve can be interpreted as a mass-damper
system. The mechanical balance is expressed by

mP
€d ¼ FF � Fp;stat � Fp;dyn; ðA:19Þ

with mK as the mass of the piston, €d as the acceleration of the pis-
ton, FF as the force of the helical spring, Fp;stat as the static pressure
force and Fp;dyn as the dynamic pressure force. The force of the heli-
cal spring is

FF ¼ cFðd� dvÞ ðA:20Þ
as a function of the spring constant cF and the spring deflection d
reduced by the pretension distance dv . The fluid volume flow acts
on the opposite side of the valve. With

Fp;stat ¼ APpPRV ðA:21Þ
the static force from the static pressure pPRV and the surface of the
piston AP is described. The dynamic part of the force is described
with

Fp;dyn ¼ qfl

_VPump

AByp
; with ðA:22Þ

AByp ¼ bBypðx� dÞ: ðA:23Þ
The hole of the bypass AByp is the product of the hole width bByp,

the position of the valve x and the deflection d. The mass balance of
the valve is expressed by

_mPRV ;out ¼ _mPRV ;in � _mPRV ;Byp; ðA:24Þ
with _mPRV ;in as the ingoing mass flow and _mPRV ;Byp the mass flow of
the bypass.
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A.2. Temperature and aging behavior of the fuel

The density qfl and dynamic viscosity /fl of the fuel are
described with the model of Ramírez-Verduzco et al. [41]. The
model describes the temperature dependencies and FAME depen-
dency on density and viscosity. The heat capacity of the fuels cp;fl
has been modeled using a NASA7 polynomial of a C14H30 refer-
ence fuel.

A.3. Quality data of the model parameters

The characteristics of the model parameters are summarized in
Table 4. The numerical values of the components induction motor
and fuel pump originate from experimental data. For the compo-
nents preheater and nozzle, the model characteristic has been esti-
mated underlying a typical variance of about �10% around the
nominal value. The values in Table 4 are used for the generation
of random numbers.
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