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Abstract: When a malfunction occurs in a marine main engine system, the impact of the anomaly will
propagate through the system, affecting the performance of all relevant components in the system. The
phenomenon of fault propagation in the system caused by induced factors can interfere with fault
localization, making the latter a difficult task to solve. This paper aims at showing how the
“characteristic curves method” is able to properly locate malfunctions also when more malfunctions
appear simultaneously. To this end, starting from the working principle of each component of a real
marine diesel engine system, comprehensive and reasonable thermal performance parameters are
chosen to describe their characteristic curves and include them in a one-dimensional thermodynamic
model. In particular, the model of a low-speed two stroke MAN 6S50 MC-C8.1 diesel engine is built
using the AVL Boost software and obtaining errors lower than 5% between simulated values and test
bench data. The behavior of the engine is simulated considering eight multi-fault concomitant
phenomena. On this basis, the fault diagnosis method proposed in this paper is verified. The results
show that this diagnosis method can effectively isolate the fault propagation phenomenon in the system
and quantify the additional irreversibility caused by the Induced factors. The fault diagnosis index
proposed in this paper can quickly locate the abnormal components.
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1. Introduction

Due to the advantages of fuel economy and reliability, diesel engines have attained a leading
position in marine applications, and the large two-stroke engine is widely used as the main power plant
of civil ships [1,2].

To meet the requirements of Ocean transportation, Marine diesel engine has been developing
towards the direction of intelligence and high efficiency [3,4], which also increases the complexity of
diesel engine structure. This change increases the possibility of Marine diesel engine system failure.
When a failure occurs in a marine main engine system, it will not only produce economic losses but
also risk personnel safety

In the past decades, the maintenance of marine diesel engines has evolved from corrective actions
to current trends. A lot of studies focus on predictive measures [5] that may improve the reliability of
these engines. The purpose of these diagnostic systems is to detect and diagnose diesel engine
anomalies before the anomalies cause undesired consequences.

A suitable diagnostic system requires a complete and reliable database that helps identify and
diagnose anomalies when symptoms characterizing the abnormality are activated. In order to build a
complete and reliable database, diesel engine simulation models have been used to reproduce the fault
phenomena [6—8]. With the development of technology, real-time monitoring parameters are
becoming more and more comprehensive [9].

In the available historical data on diesel engines, there are usually few historical records of typical
faults. Introducing faults in real diesel engines cost a lot of time and fuel, and may compromise the
safety of operators and engines [10]. Therefore, it is necessary to build thermodynamic models that act
as simulators of the engine to collect faults data [11—-13]. The AVLBoost©Ov2016 software is widely
used by the scientific community to construct a one-dimensional wave action model [14—16] by
collecting diesel engine geometry and operating data. The validation procedure is then performed by
comparing the simulated and experimental values of the main operating parameters, which are
obtained either by direct testing or by the manufacturer. On this basis, the virtual platform is
constructed to collect the data of the engine under various operating conditions, especially in the case
of failure.

A marine diesel engine has a complex structure. When a diesel engine breakdowns, a fault may
unstably lead to various symptoms and a detected symptom may be caused by many different faults,
which brings considerable difficulties to locate the real root causes of the diesel engine.

In recent years, machine learning and artificial intelligence technology have been widely used in
the field of diesel engine fault diagnosis, which provides an effective tool to study the relationship
between diesel engine faults and abnormal symptoms [17,18]. The deep learning method can use small
data to develop fault diagnosis systems [19,20].

The fault tree method is an effective method to analyze the causal relationship between diesel
engine faults and abnormal symptoms, where the diagnosis principle of this method is based on the
expert’s knowledge of the abnormalities [21,22].

The Marine diesel engine system needs to work in wet, vibratory and other harsh conditions for
a long time, which leads to various faults of the Marine diesel engine system during operation. In
extreme cases, multiple faults may occur at the same time. When multiple faults occur simultaneously
in several different components, the coupling phenomenon between faults will affect the relationship
between diesel engine faults and abnormal symptoms.
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Therefore, there is a technical problem in the research field of diesel engine fault diagnosis to
solve the problem of multi-fault diagnosis [23,24].

With the development of fault diagnosis based on the structural theory of thermoeconomics [25],
the useful concepts of “intrinsic” and “induced” malfunctions have emerged [26,27], which may help
better understand the causes and effects of failures. Compared with the theory of perturbations [28],
the fault diagnosis method based on the thermoeconomic structure theory can obtain more accurate
fuel impact values. Valero et al. [29] applied this method to the fault diagnosis of a 160MW coal-fired
power plant and analyzed the influence of each component on the fuel consumption of the system. The
authors used thermodynamic steady-state simulations to analyze the induced effects (induced
malfunction and dysfunction) on other components caused by the intrinsic malfunction of a certain
component, and they found that the highest additional fuel plant consumption was attributable to the
component where the highest inefficiency occurs.

Verda et al. [30—32] studied the influence of the control system on thermoeconomic diagnosis
using simulations to establish the corresponding “free condition” for different operating conditions.
This “free condition” was mathematically determined using a specific model of the system. This
particular condition is characterized by the same position of the governing parameters as that of the
reference condition, but contains the anomalies occurring in the actual operating condition. On this
basis, the influence of extra fuel consumption and irreversiblele losses caused by control system
intervention is studied. It has been found that the control system intervention may generate higher
induced malfunction in some components.

With the deepening of thermal-economic fault diagnosis, researchers [33] found that the complex
interaction between components and the intervention of the control system may be the origin of
induced malfunctions. These malfunctions are not actual faults within the corresponding components,
but they appear because of the mutual interaction between the components’ behavior. Thus, the
reliability of this fault diagnosis technique may be strongly compromised if the induced malfunction
cannot be identified and separated. However, the identification and separation of induced malfunctions
are not easy.

Lazzaretto and Stoppato et al. [34] applied this method to the fault diagnosis of multiple complex
energy systems to verify the reliability of the method. They found that when the degree of interaction
between components in the system is low, this method is effectively able to locate the fault. On the
other hand, when the system configuration is complex, this method cannot strictly guarantee the
identification of the true source of the fault. The main reason is that it cannot isolate the propagation
phenomenon of anomalies, and in turn cannot effectively identify the intrinsic malfunction and induced
malfunction, because the variation of an operation parameter generated by the malfunction affects the
exergy variables of both the components in which the malfunction occurs and those that suffer an
induced malfunction.

On this basis, Toffolo and Lazzaretto et al [35] proposed a new method, named “Characteristic
curve method” [36], to detect the malfunctions, based on the idea that the intrinsic malfunction of a
component results in a change of its characteristic curve. Therefore, they proposed a new index to
check whether the actual operating point of the component moves away from its reference operating
condition along the characteristic curve or outside of it. Thus, it can be judged whether the anomaly of
the component operation is due to anomalies in other system components (induced malfunctions) or
to anomalies within the component (intrinsic malfunction).

In this paper, we propose a diagnosis method based on the characteristic curve of each component
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for isolating the propagation phenomena of faults in the system. The goal of this method is to realize
the fault location of the diesel engine system When multiple faults occur simultaneously in several
different components.

This paper describes the path and mode of fault propagation in the system. Then, based on the
characteristics of each component in the diesel engine system, an accurate model of a marine diesel
engine system is built after the selection of a suitable set of thermal performance parameters for the
accurate description of the characteristic curve of each engine component. The method proposed in
this paper is then verified by eight case studies for identifying the failure in the marine diesel engine system.

2. Model
2.1. The engine simulation model

The simulation model of the MAN 6S50 MC-C8.1 Diesel engine was established with
AVLBoostOv2020. The specification of the engine are shown in Table 1.

Table 1. Specification of diesel engine.

Parameters Values
Rated power 9960 kW
Rated speed 127 rpm
Number of cylinders 6

Cylinder bore 500 mm
Stroke 2000 mm
Connecting rod length 2050 mm
Compression ratio 21:1
Turbocharger type TCA66-21
Bypass valve diameter 61 mm
LHV 4.292 x 107 J/kg
Fire order 1-5-3-4-2-6

According to the manufacturer specifications, the diesel fuel used in the engine certification tests
is Marine Gas Oil.

The model simulates the indicated cycle. The gas composition and thermodynamic properties in
each element of the intake and exhaust systems piping discretization at any simulation time step (i.e.,
crank angle) are calculated by solving the one-dimensional conservation equation set commonly used
in engine one-dimensional gas-dynamic simulations [37], i.e., mass Eq (1), momentum Eq (2) and
energy Eq (3) conservation Eq (4) coupled with the ideal-gas constitutive equation, which writes:

Op |, Opu _
5%—5—0 (1)
) )

ot ox ox
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The average cell size is set to 100 (Target Average Cell Size for Spatial Pipe Discretization), and
the convergence control is set in several components. The simulation calculation finishes when at least
three engine cycles meet the convergence criteria. The convergence criterion is that the variation of
the cycle averaged values (“transients”) of the IMEP of each cylinder in BOOST™ elements over the
last three consecutive cycles is less than a prescribed threshold (500 Pa). In addition, the fuel used in
the test bench has the same chemical composition as the vessel.

The components of the model are shown in Figure 1. The system consists of the following
components connected by pipes: air filter, compressor, air cooler, intake manifold, cylinders, exhaust
manifold and turbine. In the simulation model, measuring points are located in the most relevant positions.
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Figurel. The marine diesel engine model AVL BOOST 2020.

The components that make up the model are connected by unidimensional pipes. The pipe
parameters include length, equivalent diameter, friction coefficientand wall temperature. The local
pressure drop of the air filter is set to a fixed value in the range of 0~0.02 bar. The type of turbocharger
is TCA66-21. The complete turbine and compressor maps are input into the marine diesel engine model
through tools provided by the software to make sure that the turbocharging process can respond to the
actual situation when the boundary conditions change or failure conditions are introduced in the model.
The cooling capacity of the air cooler is determined by the inlet temperature of the cooling water and
the efficiency of the air cooler. The simulation model considers the actual volume of intake and exhaust
manifolds. The heat transfer coefficient of both intake and exhaust manifold models is 0.

Cylinders are defined in terms of their design dimensions, geometric compression ratio,
combustion, heat transfer and scavenging port and exhaust valve data. The heat release rate of the
combustion process is simulated by a Wiebe law [38—41]. Blow-by is not considered in this article.
The lift curve of the scavenging port and exhaust valve is used to determine the filling and emptying
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of a cylinder. The Woschni 1990 heat transfer model is used to simulate convective heat losses.
2.2. Model validation

The model was verified by comparing the simulation data with the engine shop test data. Table 2
shows the comparison between the mean values of the simulation and experimental main
parameters [42]. The deviation between simulation and experimental values is generally less than 5%.
In addition, the verification of the relationship Speed-Power, Speed-SFOC, Speed-Boost Pressure and
Speed-Turbocharger Outlet Temperature was also performed, as shown in Figures 2—5.

Therefore, it is considered that the model has good accuracy in simulating engine behavior, and
can be used as an abnormal simulation platform without the need to generate failures in a real engine
and with a consequent remarkable saving of fuel and time.

Table 2. Comparison between simulated and experimental.

Parameter 100% 75% 50%

Measured  Simulated  Error%  Measured Simulated Error% Measured  Simulated  Error%
Power (kW) 9960.00 10236.44 2.78 7470.00 7556.42 1.16 4980.00 5068.86 1.78
Boost Pressure 4.00 3.94 -1.50 3.15 3.09 -1.84 2.27 2.37 4.24
(bar)
Compressor 475.28 473.60 -0.35 435.72 434.53 -0.27 393.80 390.26 -0.90
Outlet

Temperature (K)

Air Mass Flow ~ 25.22 24.76 -1.83 19.69 19.19 -2.54 13.81 13.41 -2.87
(ke/s)
Air Cooler 310.41 309.80 -0.20 307.64 307.30 -0.11 304.71 304.15 -0.18
Outlet

Temperature (K)

Pmax (bar) 166.90 169.69 1.67 144.70 145.87 0.81 108.30 107.51 -0.73
Peom (bar) 146.70 144.03 -1.82 116.00 112.51 -3.01 82.20 84.27 2.52
IMEP (bar) 20.02 20.52 2.50 16.58 16.74 0.97 12.49 12.79 2.40
Turbocharger 683.10 688.20 0.75 650.80 657.20 0.98 613.42 599.31 -2.30
Inlet

Temperature (K)

Turbocharger 3.75 3.70 -1.33 2.81 2.78 -1.12 2.13 221 3.76
Inlet Pressure

(bar)

Turbocharger 526.66 524.80 -0.35 508.1 504.40 -0.73 523.23 514.78 -1.61
Outlet

Temperature (K)
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Figure 4. The verification of Speed-Boost Pressure.
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Figure 5. The verification of Speed-Turbocharger Outlet Temperature.
3. Fault location method
3.1. Propagation phenomenon of failure
The mass and energy flow of the diesel engine system is shown in Figure 6. When a component
of the system has a failure, the thermodynamic quantities of the mass and energy flow associated with
the abnormal component are therefore altered. Due to the interaction among components, this

modification affects the operations of other components in turn. Therefore, the impact of the anomaly
will propagate through the system, affecting the performance of all relevant components in the system.
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Figure 6. The productive structure diagram.
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compressor fault

Figure7. Component isentropic efficiency change.

For better and easy understanding, the compressor failure (5% reduction in compressor
isentropic efficiency) case is taken as an example. As shown in Figure 7, in the case of a compressor
failure, the performance of other components in the system where the anomaly does not exist also
changed. This phenomenon occurs because compressor failure changes the operating conditions of
other components [36,43]. The failure of the compressor will change the mass flow, pressure and
temperature of the air at the outlet of the compressor, resulting in changes in the operating conditions
of the air cooler. Although there is no fouling or blockage in the air cooler, the operating state of the
air cooler will change accordingly. Based on similar principles, the working performance of
components such as cylinders and turbines will also change.

In other words, due to the interaction among components, the changes caused by the intrinsic
malfunction can spread throughout the system, creating induced malfunction in the components where
the anomaly does not exist. This phenomenon of fault propagation in the system can interfere with
fault localization.

3.2. Definition of characteristic curve and diagnostic index

The failure or anomaly of a component (such as changes in the compressor blade geometry,
blockage of an air cooler, deposits on heat exchange surfaces, etc.) will affect the functional
relationships among the thermodynamic variables (temperature, pressure, mass flow rates, etc.) on
which the mass and energy streams involved in the operation of that component depend. These
functional relationships are often referred to as component characteristic curves (performance maps in
machines, heat transfer models for heat exchangers).

As shown in Figure 8, the operating state of the component will deviate from its original reference
state characteristic curve (broken line) and move from the reference state (point A) to a new state (point
C). Due to the interaction among components, the alterations caused by the failure of the component
will spread through the whole system, affecting the operating states of other components, which react
to the changes imposed by the faults in another component according to their non-modified
characteristic curves. As shown in Figure 8, the operating state of a component in perfect order will
not deviate from the original characteristic curve and move from the reference state (point A) to a new
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state (point B). In other words, external factors or induced factors do not affect the characteristic curve
of the component that can be affected only by internal factors. External, induced and internal factors
are defined as follows [33]: External factors-modification of external conditions such as environment
variables. Induced factors-variations caused by the change of other system variables, e.g., component
interaction or the intervention of the control system. Internal factors-degradation or failures.

reference -
>
’ '
’ |
’ )
/

v

5,

Figure 8. Component operating states.

The location of malfunctioning components depends on the knowledge of the characteristic curve
of each component in mathematical form. In particular, Eq (5) formalizes the characteristic curve of
the component ith by a set of relationships fthat define a performance parameter or a thermodynamic
variable 7 characterizing the component behavior as a function of a subset &« of the independent
variables involved in the component operation.

w57 )

On the other hand, it is always possible to quantify with mw%™®% the actual value of the
performance parameter 7' when the component operates at a specific real condition, and with L.,
the difference between m>"¢% and the value of the performance parameter 7° as expected from Eq (5)

i

for the corresponding operating condition. The difference I;,,, Wwrites as reported in Eq (6).

=" (5) (©)

Therefore, during the real operation of the component under normal behavior of the system that
embeds the component, the result of Eq (6) is zero, since the working point of the component ith,
corresponds to the operating condition predicted in accordance with the reference characteristic curve.
In contrast, when a performance degradation or fault changes the characteristic curve of the component,
the result of Eq (6) will be different from zero. Thus, I}, can be used as a diagnostic index.

The characteristic curve of the component can be linearly approximated by using its derivative as
calculated in the reference state (as shown in Figure 8, the tangent ABi in the reference state,

approximates the point B with the point Bi, the slope of the tangent AB; is the derivative of e /852, at
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point A, the quantity € stands for the “residual effects”). In mathematical terms, such approximation
can be formalized as reported in Eq (7).

755 [ ] ref( Sl 7

Combining Eq (5) to Eq (7), I, . can be formulated as
L= el [fref((;z real) fref( St ref)] (8)
-4 (5], 00 ©

As shown in Figure 9, if the real operating point of the component is on the original characteristic
curve, moving from reference state A to the new state B, the malfunction of the component is only an
induced effect. In this case, neglecting the approximation introduced by the linearization of the
characteristic curve, I’ ;= 0. In contrast, if the component has an intrinsic malfunction, the real
operating point of the component will depart from the characteristic curve, moving from reference
state A to the new state C, and the value of I, is expected to be non-zero.

fre/‘ ‘Sii’d! _ fref: ’5:"/ \

»
>

5,

Figure 9. Characteristic curve approximate solution diagram.
3.3. The choice of variable ©

The main components in the diesel engine system can be divided into two categories. The first
category includes all the “work components”, i.e., the components whose product can be expressed as
useful exergy. For example, the turbocharger compressor consumes the mechanical work provided by
the turbine to increase the internal energy of the air. The second category includes all the “dissipative
components”, whose product cannot be expressed as useful exergy. For example, the air coolers
dissipate heat and reduce the temperature of the cylinder intake air, and the dissipated internal energy
is the target product of the air cooler.

In this paper, the irreversibility is selected as parameter © for the diagnostic index I, of the
components embedded into the diesel engine system. This because:
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The irreversibility I includes the knowledge related to the mass and energy flows and directly
reflects the efficiency of the energy conversion process.

For the “work component”, the existence of anomalies will always increase the diagnostic
index Ly,

For the “dissipative component”, the existence of anomalies will always reduce the diagnostic
index L,y

In summary, if the component has an intrinsic malfunction (degradation or failure of the

i

component), the indicator I;,,,, of the component will change.
3.4. The characteristic parameters of component

The basic rule for the selection of variables & is that they must be a set of independent variables

characterizing the behavior of the component. Therefore, the component characteristic curves f"ref ,

and so the derivatives 8f ref /852, can be defined as functions of J} [36].

For an energy system, all performance variables can be expressed as a function of thermodynamic
variables, so thermodynamic variables are the actual independent variables of the energy system.

In addition, exergy represents a synthesis of thermodynamic information that is useful in
describing the outcomes of component behavior.

As shown in Section 3.2 of this article, a component’s performance is determined by its own
physical constraints (characteristic curves) and operational parameters.

Therefore, the natural choice for these variables is a set of independent component
thermodynamic variables (including mass flow, pressure and temperature). The number of independent
variables is equal to the number of component degrees of freedom.

However, for components with complex production structures or energy conversion, such as
cylinders of diesel engines, the required number of independent variables available cannot be
monitored. Therefore, specific output parameters should be used to replace the available arguments
that cannot be monitored.

As shown in Figure 6, exergy flowing into the compressor includes air exergy flow at compressor
inlet Exqs and mechanical exergy We.

Exal :f(mxal:Txa]:anI) (10)
We=flne,Tc) (11)

Therefore, the independent variable group representing the compressor characteristic curve
includes mxaz, Txa1, Pxa1, nc and Tc.

However, the signal monitoring of compressor speed and torque is difficult and costly. The
relationship between compressor outlet thermal parameters and Wc is shown in Egs (12)—(15).

(Exa _Exa )
R (12)
_ Pra
= (13)
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I =
Txa2 :Txa] [1 —l——(n;k '1>] (14)
e

Myq; =Mya2 (15)

So, the independent variable group representing the compressor characteristic curve includes a1,
Trai1, Pxal, Txaz and Pxa2.

The selection principle of the independent variable group of the air cooler is similar to the
superheater [44]. Considering that the flow rate and pressure of the cooling water are constant. The
independent variable group representing the air cooler characteristic curve includes mxa2, Txa2, Pxa2 and
Teoolant.

For the diesel engine system, the function of the cylinder is to use part of the high-pressure air
sent by the compressor to burn the fuel and to mix the combustion products with the rest of the high-
pressure air to form high-temperature and high-pressure gas, which drove the piston to produce
mechanical exergy as shown in Figure 6. Therefore, the performance of the cylinder is also related to
its mechanical structure (design parameters).

Take cylinder No. 1 as an example.

Eyy1 indicates the chemical exergy of the fuel.

Eyy =myLHV (16)

Exqs represents air exergy flow at the inlet.

Exa4 :f(mxaéb Txa4:an4) (1 7)

Exgi indicates exhaust gas exergy flow.

Exg] :f(mxgl: Tng)ng]) (1 8)

Thermodynamic processes, chemical reactions, mechanical work, heat transfer, mass diffusion
and friction processes occur simultaneously within this component. In other words, the irreversible
losses in the working process of the cylinder must include irreversibility losses due to fuel combustion,
cylinder heat transfer, exhaust gas, mechanical friction, etc. The description of each irreversibility loss
requires monitoring a large number of characteristic parameters, such as compression end temperature,
atomization of the fuel in the cylinder, etc., which are very demanding to be managed and some of the
parameters are not easy to measure with the standard marine engine technology. On the other hand,
the overall irreversibility loss in the cylinder can be calculated by the cylinder input energy and the
cylinder output work.

The indicated mean effective pressure (IMEP) is the work output of one cycle for unit swept
volume and relates to the cylinder power in accordance with Eq (19).

zSD?
4

W= %IMEP,.(

) (19)

Wi Power of the ith cylinder, [kW]
n diesel engine speed, [r/min]
IMEP——Mean Effective Pressure of the ith cylinder, [kPa]
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D
S

bore, [mm]
stroke, [mm]

Therefore, for the diesel engine system, the independent variable group representing the cylinder
No. 1 characteristic curve includes mixa4, Txa4, Pxa4, and myi.

The selection principle of the independent variable group of the turbine is similar to the
compressor. However, according to the differences between the compressor map and the turbine map,
the independent variable group representing the turbine characteristic curve includes mxa7, Txa7, Pxa7
and Puas.

The characteristic parameters selected for the cylinder and all of the other engine components
considered in this study are shown in Tables 3 to 6. It should be noted that the fuel quantity injected in
each cylinder is assumed here as a constant value related to the diesel engine load because, in current
diesel engine systems, it is difficult to monitor the flow rate in each fuel injector.

The measurement points setting in the simulation model are shown in Figure 10.

Table 3. Characteristic parameters of the compressor.

pmPI Compressor inlet air pressure (bar)

pwmP2 Compressor outlet air pressure (bar)

mmpl Compressor outlet air mass flow rate (kg/s)
Twmpi Compressor inlet air temperature (K)

Twmp2 Compressor outlet air temperature (K)

Table 4. Characteristic parameters of the air cooler.

Twmp2 Compressor outlet air temperature (K)
Teoolant Air cooler outlet air temperature (K)
pmP2 Compressor outlet air pressure (bar)
mmp2 Air cooler inlet air mass flow rate (kg/s)
Table 5. Characteristic parameters of the cylinder.
MMP4~9 Cylinder intake air mass flow rate (kg/s)
pmP3 Cylinder intake air pressure (bar)
Twmp3 Cylinder intake air temperature (K)
Mfuel MP4~9 Fuel mass flow rate (g/s)
Table 6. Characteristic parameters of the turbine.
Pwmpio Turbine inlet gas pressure (bar)
Twmp1o Turbine inlet gas temperature (K)
pMP1I Turbine outlet gas pressure (bar)
MMP10 Turbine inlet gas mass flow rate (kg/s)

Electronic Research Archive
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Figure 10. measurement points setting.
3.5. The fault indicator

For “work components” the diagnostic index I, ,,.can be expressed as in Eq (20).

zndex AIZ AIZ calc_lz real Z [ or 'e/:l . anj{ (20)
e

For “dissipative components” the diagnostic index I, can be expressed in Eq (21).

zndex (A[t A[t calc) Zk [ /] lre/, l Iz real (21)

The AI*““ is the expected variation of component irreversibility due to a change A8k of the
component independent variables, according to the reference component characteristic curve.
Since the analytic form of each characteristic curve is generally unknown, the derivatives

or /85}; of every component can be calculated by generating several virtual operating conditions

near the reference operation using a simulator.
In order to make the reference state close to the actual state, it is necessary to change the diesel
engine speed and fuel injection quantity.

/3
n=n, ;") (22)
We——-Nominal engine power, [kW]
ne——-Nominal engine speed, [r/min]
W- Diesel engine power, [kKW]
n Diesel engine speed, [r/min]
_ 100g, W

Ah= Soin (23)

Ah——The amount of oil supplied to one cylinder in 100 engine cycles, [ml];
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ge.—Fuel consumption rate, [g/(kW-h)];

W- Diesel engine power, [kW];

Y Density of fuel oil, 0.825[g/(cm3)] for diesel;
L Number of cylinders;

n Diesel engine speed, [rpm].

In the reference state, Eq (22) allows calculating the speed of the diesel engine, whereas Eq (23)
allows estimating the amount of fuel injected in the cylinder.

Taking the turbine as an example, four virtual operating conditions (refl, ref2, ref3 and ref4) are
required to calculate the derivatives of the turbine, since the number of component independent
variables is four (Pmpio, Tmrio, Pmpir and mmpio). as shown in Eq (24). Note that the turbine outlet
pressure is an environmental variable (atmospheric pressure). To avoid the rank of the equations being
less than the number of independent variables of the equation, resulting in countless solutions to the
equation, at least two different turbine outlet pressures should be set among the four reference states
generated by the simulation simulator.

A Typrg A Pyprg A mypre A Pagpiy|ror /0Tvpiol [A4™'T
AP Tty APPypro A Cmypre A Pypr || 01/0Pyp1 _|a7”1
AP Typrg AP Pyprg AP myprg AP Pygpyy || 01/ Omuiero] 4P

P Topro A Pupro A myprg A Pypy; Ol/OPypiid 141

(24)

4. Results and discussion

Once the model has been adjusted and validated, failures are introduced one by one.

The compressor failure F1 is usually caused by dust accumulation in the impeller or diffuser as
well as damages that produce changes in geometry. The compressor failure is simulated by reducing
the isentropic efficiency of the compressor.

The air cooler failure F2 is usually caused by the increase of fouling on the inner wall of the air
cooler, which will produce a reduction of cooling capacity. The air cooler failure is simulated by
reducing the isentropic efficiency.

This kind of cylinder failure F3 (Blocking of the injector hole of the cylinder) is usually caused
by the fault of the fuel injection system or the carbon accumulation of the nozzle, resulting in a
reduction in the corresponding fuel mass flow rate.

This kind of cylinder failure F4 (Excessive blow-by) is usually caused by abnormal wear of the
piston ring, which is simulated by increasing the clearance between the piston ring and the sleeve.

The turbine failure F5 is usually caused by dust accumulation in the impeller or diffuser as well
as damages that produce changes in geometry. The turbine failure is simulated by reducing the
isentropic efficiency of the turbine.

In this paper, the method has been verified by cases real 1~8 as shown in Table 7.

Table 8 provides the details of cases real 1 to real 8.

Table 9 provides the details of the of the reference cases.
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Table 7. Cases real 1-8.

F1 F2 F3 F4 F5
Real 1 a 5% reduction in a 10% decrease in air
compressor efficiency  cooler efficiency
Real 2 a 5% reduction in Cylinder No 1 a 10%
compressor efficiency reduction in fuel mass
flow rate
Real 3 a 5% reduction in a 10% reduction in
compressor efficiency turbine efficiency
Real 4 a 10% decrease in air  Cylinder No 1 a 10%
cooler efficiency reduction in fuel mass
flow rate
Real 5 a 10% decrease in air a 10% reduction in
cooler efficiency turbine efficiency
Real 6 Cylinder No 1 a 10% a 10% reduction in
reduction in fuel mass turbine efficiency
flow rate
Real 7 Cylinder No 2 a 6% CylinderNo 1 a
reduction in fuel mass 0.03mm increase
flow rate in the gap
Real 8 a 5% reduction in a 5% decrease inair ~ Cylinder No 1 a 4% a 5% reduction in
compressor efficiency  cooler efficiency reduction in fuel mass turbine efficiency
flow rate
Table 8. Operating conditions of the test cases real 1-8.
Component real 1 real 2 real 3 real 4 real 5 real 6 real 7 real 8
Component  Power 10101.59  10008.32  9870.52 10031.25  9972.35 9870.52 10011.61  9949.40
Speed 127.00 127.00 127.00 127.00 127.00 127.00 127.00 127.00
Compressor pwmpi (bar)  1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Twmer (k) 298.00 298.00 298.00 298.00 298.00 298.00 298.00 298.00
pmp2 (bar)  3.8762 3.7971 3.5471 3.9688 3.7377 3.5471 3.8825 3.7097
Twmr2 (k) 477.4590  474.0320  460.9100  475.5320 461.4190  460.9100 471.6820  468.8950
mwp1 (kg/s) 24.0140 23.6731 21.6248 24.7353 22.8813 21.6248 24.4767 22.8091
I (kW) 590.2936  588.1848  484.5482  543.8361  417.8556  484.5482  527.8811  538.8710
Air cooler  pwmp2 (bar)  3.8762 3.7971 3.5471 3.9688 3.7377 3.5471 3.8825 3.7097
Twmr2 (k) 4774590  474.0320  460.9100  475.5320 461.4190  460.9100 471.6820  468.8950
mwmr2 (kg/s) 24.0140 23.6731 21.6248 24.7353 22.8813 21.6248 24.4767 22.8091
Teoolant (k) 300.9628  301.2222  300.7220  301.0291 300.5774  300.7220  301.2871 300.8501
1 (kW) 916.5564  891.4642  714.6946  925.5231 743.2062  714.6946  900.3024 812.0430

Continued on next page
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Component Real 1 Real 2 Real 3 Real 4 Real 5 Real 6 Real 7 Real 8
Cylinder No.l mwmp4 (kg/s) 3.9903 4.0157 3.6091 4.2625 3.8190 3.6101 4.1066 3.8595
Twmrs (k) 3282280 309.8090  308.9140  327.8810  325.4980  308.9140  309.6450  318.0570
pmps (bar)  3.8539 3.7764 3.5285 3.9456 3.7166 3.5285 3.8608 3.6743
myueivpa(g/s) 84.7281  84.7281 84.7281 84.7281 84.7281 84.7281 84.7281 84.7281
I (kW) 1609.2403 1809.7893 1677.1512 1777.9652 1636.7783 1819.7841 1725.5175 1695.2112
Cylinder No.2 mwmps(kg/s) 3.9904 3.9424 3.6106 4.1023 3.8195 3.6106 4.1021 3.7836
Twmes (k) 328.2280 309.8090  308.9140  327.8810  325.4980  308.9140  309.6450 318.0570
pmps (bar)  3.8539 3.7764 3.5285 3.9456 3.7166 3.5285 3.8608 3.6743
mrueivps(g/s) 84.7281  84.7281 84.7281 84.7281 84.7281 84.7281 84.7281 84.7281
I (kW) 1609.2929 1624.2397 1677.9318 1599.3272 1636.6314 1661.6587 1727.9578 1647.2573
Cylinder No.3 mwps(kg/s) 3.9902 3.9438 3.6097 4.0937 3.8186 3.6097 4.0489 3.7886
Twmrs (k) 3282280 309.8090  308.9140  327.8810  325.4980 308.9140  309.6450  318.0570
pmps (bar)  3.8539 3.7764 3.5285 3.9456 3.7166 3.5285 3.8608 3.6743
myueimpo(g/s) 84.7281 84.7281 84.7281 84.7281 84.7281 84.7281 84.7281 84.7281
I (kW) 1609.4291 1624.4081 1677.2958 1599.6861 1636.7783 1661.1583 1617.4147 1647.9721
Cylinder No.4 mwp7(kg/s) 3.9910 3.9415 3.6110 4.0957 3.8199 3.6110 4.0453 3.7866
Twmrs (k) 328.2280 309.8090  308.9140  327.8810  325.4980  308.9140  309.6450  318.0570
pmps (bar)  3.8539 3.7764 3.5285 3.9456 3.7166 3.5285 3.8608 3.6743
miueivp7(g/s) 84.7281  84.7281 84.7281 84.7281 84.7281 84.7281 84.7281 84.7281
I (kW) 1609.0834 1623.8874 1677.4387 1599.9480 1636.4972 1661.7664 1618.2848 1647.6579
Cylinder No.5 mmps(kg/s) 3.9910 3.9419 3.6108 4.1041 3.8196 3.6108 4.0462 3.7884
Twmes (k) 328.2280 309.8090  308.9140  327.8810  325.4980  308.9140  309.6450 318.0570
pmp3 (bar)  3.8539 3.7764 3.5285 3.9456 3.7166 3.5285 3.8608 3.6743
mreivps(g/s) 84.7281  84.7281 84.7281 84.7281 84.7281 84.7281 84.7281 84.7281
I (kW) 1608.6447 1623.9011 1677.5424 1599.2707 1636.4317 1661.3591 1617.5661 1647.2000
Cylinder No.6 mwpo(kg/s) 3.9911 3.9547 3.6113 4.1042 3.8201 3.6113 4.0481 3.7930
Twmes (k) 3282280 309.8090  308.9140  327.8810  325.4980  308.9140  309.6450  318.0570
pmps (bar)  3.8539 3.7764 3.5285 3.9456 3.7166 3.5285 3.8608 3.6743
miueivpo(g/s) 84.7281  84.7281 84.7281 84.7281 84.7281 84.7281 84.7281 84.7281
I (kW) 1609.0873 1623.5847 1677.6551 1599.5612 1636.4519 1661.9530 1617.3856 1647.1802
Turbine Twmp1o (k) 708.7570  694.6990  724.6460  692.9160  718.5590  724.6460  686.3560 713.3450
pmpio (bar)  3.6509 3.5806 3.3529 3.7336 3.5244 3.3529 3.6572 3.4997
pmpii (bar)  1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
mwmpio (kg/s) 24.4572  24.2325 22.1887 25.3028 23.4416 22.1887 24.9044 23.3626
I (kW) 1007.7137 947.5502  996.5011  1040.8258 1120.6941 996.5011  983.9835  999.5440
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Table 9. Operating conditions of the reference cases.

Component Reference 1 Reference 2/7  Reference 3/6  Reference 4  Reference 5 Reference 8
Power 10121.74 10000.04 9847.98 10032.55 9972.65 9938.45
Speed 126.53 126.03 125.39 126.16 125.90 125.78
Compressor pmp1 (bar) 1.00 1.00 1.00 1.00 1.00 1.00
Twmei (k) 298.00 298.00 298.00 298.00 298.00 298.00
pmp2 (bar) 472.8810 471.9370 470.9190 472.2240 471.7400 471.4240
Twmrz (k) 3.9128 3.8927 3.8714 3.8986 3.8889 3.8826
mwmpi (kg/s)  24.5439 24.4783 24.3974 24.4960 24.4661 24.4456
I (kW) 529.6744 524.8292 519.2297 526.3677 523.6595 521.8509
Air cooler pmp2 (bar) 472.8810 471.9370 470.9190 472.2240 471.7400 471.4240
Twmez (k) 3.9128 3.8927 3.8714 3.8986 3.8889 3.8826
mwmr2 (kg/s)  24.5439 24.4783 24.3974 24.4960 24.4661 24.4456
Teoolant (k) 301.3312 301.3177 301.3044 301.3221 301.3158 301.3101
I (kW) 913.2281 902.2365 890.1123 905.4889 900.0049 896.4213
Cylinder No.1 ~ mwmpa(kg/s)  4.1023 4.0896 4.0758 4.0938 4.0871 4.0842
Twmps (k) 309.7140 309.6520 309.5720 309.6690 309.6370 309.6170
pmps (bar) 3.8912 3.8710 3.8498 3.8770 3.8673 3.8610
mreimp4 (g/s)  83.6891 82.6337 81.2945 82.9081 82.3911 82.0924
I (kW) 1594.1865 1573.4135 1557.0461 1578.7562 1568.7056 1562.6779
Cylinder No.2  mwps (kg/s)  4.1037 4.0905 4.0781 4.0948 4.0877 4.0846
Twmps (k) 309.7140 309.6520 309.5720 309.6690 309.6370 309.6170
pwmps (bar) 3.8912 3.8710 3.8498 3.8770 3.8673 3.8610
meueiMps (g/s)  83.6891 82.6337 81.2945 82.9081 82.3911 82.0924
I (kW) 1594.3725 1573.7743 1557.4783 1579.1466 1569.0888 1563.0352
Cylinder No.3  mwps (kg/s)  4.1034 4.0911 4.0780 4.0952 4.0886 4.0858
Twmps (k) 309.7140 309.6520 309.5720 309.6690 309.6370 309.6170
pwmps (bar) 3.8912 3.8710 3.8498 3.8770 3.8673 3.8610
mrueiMp6 (g/s)  83.6891 82.6337 81.2945 82.9081 82.3911 82.0924
I (kW) 1594.4340 1573.7983 1557.3504 1579.1632 1569.1054 1563.0620
Cylinder No.4  mwmp7(kg/s)  4.1028 4.0910 4.0781 4.0950 4.0885 4.0858
Twmps (k) 309.7140 309.6520 309.5720 309.6690 309.6370 309.6170
pwmps (bar) 3.8912 3.8710 3.8498 3.8770 3.8673 3.8610
mremp7 (g/s)  83.6891 82.6337 81.2945 82.9081 82.3911 82.0924
I (kW) 1594.1327 1573.7921 1557.7090 1579.1570 1569.1009 1563.0571
Cylinder No.5 mwmps(kg/s)  4.1024 4.0901 4.0785 4.0941 4.0875 4.0849
Twmps (k) 309.7140 309.6520 309.5720 309.6690 309.6370 309.6170
pwmps (bar) 3.8912 3.8710 3.8498 3.8770 3.8673 3.8610
mreimps (g/s)  83.6891 82.6337 81.2945 82.9081 82.3911 82.0924
I (kW) 1594.0624 1573.7699 1557.6131 1579.1352 1569.0844  1563.0397
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Component Reference 1 Reference 2/7  Reference 3/6 Reference 4  Reference 5  Reference 7

Cylinder No.6  mwmpo (kg/s) 4.1030 4.0912 4.0784 4.0951 4.0889 4.0862
Twmps (k) 309.7140 309.6520 309.5720 309.6690 309.6370 309.6170
pwmps (bar) 3.8912 3.8710 3.8498 3.8770 3.8673 3.8610
miueiMpy (g/s)  83.6891 82.6337 81.2945 82.9081 82.3911 82.0924
1 (kW) 1594.0157 1573.6686 1557.9887 1579.0240 1568.9687 1562.9689

Turbine Twmpio (k) 684.4270 681.5690 677.4410 682.2210 680.8030 680.0880
pwmpio (bar) 3.6873 3.6674 3.6462 3.6732 3.6636 3.6575
pmpi1 (bar) 1.00 1.00 1.00 1.00 1.00 1.00
mwpio (kg/s)  25.1447 25.0634 24.9964 25.0908 25.0521 25.0236
1 (kW) 1000.8812 984.6433 965.2654 989.1949 981.1677 976.3621

Table 10. The diagnosis results of case real 1.

Component [ (kW) (kW)  AF (kW) AL (kW) T (kW) T,y /| ATl %

Compressor 590.2936 529.6744 60.6192  21.8848 38.7344 176.9926

Air cooler 916.5564 913.2281 3.3284 24.0278 20.6995 86.1478

Cyl 1609.2403 1594.1865 15.0538 14.8395 0.2142 1.4437

Cy2 1609.2929 1594.3725 14.9204 15.0179 -0.0974 -0.6489

Cy3 1609.4291 1594.4340 14.9951 15.3693 -0.3743 -2.4353

Cy4 1609.0834 1594.1327 14.9507 14.9858 -0.0352 -0.2348

Cy5 1608.6447 1594.0624 14.5823 14.9877 -0.4054 -2.7047

Cy6 1609.0873 1594.0157 15.0715 15.2218 -0.1502 -0.9870

Turbine 1007.7137 1000.8812 6.8326 6.7613 0.0713 1.0550

Table 11. The diagnosis results of case real 2.

Component >l (kW)  Prf (kW) A (kW)  AlP<dle (kW) Ifndex (kW) ;:ndex/ |AT><4¢ |%,

Compressor 588.1848 524.8292 63.3556 49.4634 13.8922 28.0859

Air cooler 891.4642 902.2365 -10.7722 -10.5130 0.2593 -2.4663

Cyl 1809.7893 1573.4135 236.3758 39.0900 197.2858 504.6960

Cy2 1624.2397 1573.7743 50.4654  48.7256 1.7399 3.5708

Cy3 1624.4081 1573.7983 50.6098  48.9432 1.6666 3.4052

Cy4 1623.8874 1573.7921 50.0953  48.4611 1.6342 3.3722

Cy5 1623.9011 1573.7699 50.1312  48.4779 1.6533 3.4105

Cy6 1622.1847 1573.6686 49.9160  48.7887 1.1274 2.4095

Turbine 947.5502 984.6433  -37.0930 -36.0665 -1.0265 -2.8462
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Table 12. The diagnosis results of case real 3.

Component >l (kW)  FF*f (kW) A (kW) AL (kW) Lo (kW) L /| AT |%
Compressor 484.5482 519.2297 -34.6815 -57.4066 22.7251 39.5863
Air cooler 714.6946 890.1193 -177.6476 -179.8806 -2.2330 -1.2414
Cyl 1677.1512 1557.0461 120.1052 118.6846 1.4206 1.1969
Cy?2 1677.9318 1557.4783 120.4536 119.6224 0.8311 0.6948
Cy3 1677.2958 1557.3504 119.9454 117.0232 2.9222 2.4971
Cy 4 1677.4387 1557.7090 119.7297 117.9290 1.8007 1.5269
Cy5 1677.5424 1557.6131 119.9294 118.0559 1.8735 1.5869
Cy6 1677.6551 15579887 119.6663 118.1203 1.5461 1.3089
Turbine 996.5011 965.2654 31.2358 -154.0653 185.3011 120.2744
Table 13. The diagnosis results of case real 4.
Component [ (kW) (kW)  AF (kW) AL (kW) L0 (kW) L0 /| A< %
Compressor 543.8361  526.3677 17.4684  17.7287 -0.2603 -1.4684
Air cooler 925.5231 905.4889  20.0342  43.1923 23.1581 53.6163
Cyl 1777.9652 1578.7562 199.2090 35.5401 163.6689 460.5190
Cy?2 1599.3272 1579.1466 20.1806  19.9047 0.2759 1.3862
Cy3 1599.6861 1579.1632 20.5229  21.1479 -0.6250 -2.9554
Cy4 1599.9480 1579.1570 20.7910  21.1904 -0.3995 -1.8851
Cy5 1599.2707 1579.1352 20.1354  20.7289 -0.5934 -2.7310
Cy6 1599.5612 1579.0240 20.5372  20.9748 -0.4376 -2.0863
Turbine 1040.8258 989.1949  51.6309  52.6778 -1.0469 -1.9873
Table 14. The diagnosis results of case real 5.
Component >l (kW)  ["f (kW) AL (kW) AL (kW) Lo (kW) L /| AT |%
Compressor 417.8556  523.6595 -105.8039 -103.0259 -2.7780 -2.6964
Air cooler 743.2062 900.0049 -156.7987 -131.5464 25.2523 19.1965
Cyl 1636.7783 1568.7056 67.6568 68.0104 -0.3536 -0.5199
Cy?2 1636.6314 1569.0888 67.5426 68.1260 -0.5834 -0.8563
Cy3 1636.7783 1569.1054 67.6729 69.8527 -2.1799 -3.1206
Cy4 1636.4972 1569.1009 67.3964 67.7826 -0.3863 -0.5698
Cy5 1636.4317 1569.0844 67.3473 67.8048 -0.4576 -0.6748
Cy6 1636.4519 1568.9687 67.4832 67.7599 -0.2767 -0.4083
Turbine 1120.6941 981.1677 139.5264  -35.4264 174.9529 493.8486
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Table 15. The diagnosis results of case real 6.

Component >l (kW)  FF*f (kW) A (kW) AL (kW) Lo (kW) L /| AT |%
Compressor  407.3916  519.2297 -111.8381 -114.0352  2.1970 1.9266
Air cooler 721.9432 890.1123  -168.1691 -164.7713 3.3979 2.0622
Cyl 1819.7841 1557.0461 262.7380  92.4313 170.3067 184.2522
Cy2 1661.6587 1557.4783 104.6645  104.2440 0.4205 0.4034
Cy3 1661.1583 1557.3504 103.8179  103.9990 -0.1810 -0.1741
Cy4 1661.7664 1557.7090 104.0574  103.9191 0.1384 0.1331
CyS5s 1661.3591 1557.6131 103.7461 103.9487 -0.2026 -0.1949
Cy6 1661.9530 1557.9887 103.9643  103.2496 0.7147 0.6922
Turbine 1051.9641 965.2654  86.6987 -104.1079 190.8067 183.2777
Table 16. The diagnosis results of case real 7.
Component [ (kW) [ (kW) AF (kW) Al (kW) L. kW) L /|A<e |%
Compressor  527.8811  529.6744  -1.7933 -1.7847 -0.0085 -0.4788
Air cooler 900.3024 913.2281  -12.9257 -13.0193 0.0936 -0.7188
Cyl 1725.5175 1573.4135 152.1040  36.2904 115.8136 319.1300
Cy2 1727.9578 1573.7743 154.1836  36.4593 117.7242 322.8919
Cy3 1617.4147 1573.7983 43.6164 44.3608 -0.7444 -1.6780
Cy4 1618.2848 1573.7921 44.4928 44.5381 -0.0454 -0.1018
Cy5 1617.5661 1573.7699 43.7963 44.3335 -0.5373 -1.2119
Cy6 1617.3856 1573.6686 43.7170 44.0129 -0.2960 -0.6725
Turbine 983.9835  1000.8812 -16.8977 -16.4867 -0.4110 -2.4929
Table 17. The diagnosis results of case real 8.
Component [ (kW) ["f (kW)  AF (kW) AP (kW) L. (kW) L /|AL<e |%
Compressor 538.8710 521.8509 17.0201 5.0010 12.0191 240.3339
Air cooler  812.0430 896.4213 -84.3783 -74.9410 9.4373 12.5930
Cyl 1695.2112 1562.6779 132.5332  52.6593 79.8740 151.6808
Cy?2 1647.2573 1563.0352 84.2220 83.1864 1.0356 1.2449
Cy3 1647.9721 1563.0620 84.9101 83.6972 1.2129 1.4492
Cy4 1647.6579 1563.0571 84.6008 83.9246 0.6762 0.8057
Cy5 1647.2000 1563.0397 84.1603 83.2476 0.9127 1.0964
Cy6 1647.1802 1562.9689 84.2113 83.1387 1.0726 1.2901
Turbine 999.5440 976.3621  23.1819 -19.9771 43.1591 216.0422

The diagnosis results of cases real 1-8 operating conditions are listed in Tables 10—17, in which
each row referring to the malfunctioning components is highlighted in bold.

For example, looking at Table 10, first, it is worth noting that all the failures are accurately located
and identified. In particular, the expected irreversibility variation of all components is higher than 0,
which means that the propagation of the induced effects caused by failures involves all components in
the system.
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In addition, it can be found in Table 16 that all the failures are accurately located and identified.
However, this method cannot identify the type of failure (piston ring abnormal wear or fuel pump wear).

Focusing on the malfunctioning components (i.e., the compressors and air coolers), the value of
the index I, (see the last but one column in the table) is high. This means that the actual
irreversibility of such components is noticeably different from the expected irreversibility, indicating
that their characteristic curve has changed because of their intrinsic operation anomalies. In contrast,
the corresponding values of index I, for the other components are close to 0 (note that the non-
zero value is mostly due to the error € in the approximation of the derivative), which means that the
actual irreversibility of these components is basically equal to the expected irreversibility, i.e., the
components are affected by malfunction induced effects and their characteristic curves do not deviate
from the original one.

Finally, since the exergy flow rate of different components of the diesel engine system varies
greatly, the ratios L.,;,,/|AI"““| that are reported in the last column of the table, are the more proper
diagnostic indexes to take into consideration. Tables 9 to 16 show that this index amplifies the anomaly
of the components in which the intrinsic malfunction occurs increasing the gap existing between these
components and the others, which are affected only by the approximation error in the evaluation of the
derivatives of the characteristic curves. Thus, this index greatly simplifies the failure location and
identification process.

5. Conclusions

This paper proposes a diagnosis method for diesel engines based on the characteristic curve of
each component. When multiple faults occur simultaneously in several different components, the
advantage of this method is to effectively locate the malfunctions, so as to maintain the reliability of
the system. The author establishes and verifies the reliable model of the 6S50 engine and each of its
components, and then describes the characteristic curve of each component. On this basis, eight multiple
malfunctions cases have been diagnosed and discussed to show the ability of the proposed method.

The following conclusions can be drawn from this application:

1) The validity and reliability of the method were demonstrated by eight test cases. The method
is able to effectively isolate the propagation phenomena of faults in the system, and accurately identify
the location of faults in the marine diesel engine system.

2) The author selected comprehensive and practical thermal performance parameters (that can be
monitored) to describe the characteristic curves of the main components (compressor, turbine, cylinder
and air cooler). Therefore, the proposed fault location method has high practical application value.

3) Both the irreversibility in the i component, I, and I,,./|A*“| and can be used as fault
location indicators for the marine diesel engine system. Considering the exergy flow rate of different
components of diesel engine systems varies greatly, it is more effective to choose I, ,,,/|AI"““¥| as the
fault location indicator.

4) The fault diagnosis method proposed in this paper can effectively locate malfunctions, but this
method cannot identify the type of failure (piston ring abnormal wear or fuel pump wear). This method
still needs to be combined with other fault identification methods to identify the type of failure.
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Nomenclature

Acronyms

IMEP Indicated Mean Effective Pressure (bar)
LHV Lower Heating Value (J/kg)
Greek symbols

Y| Increment

T dependent variable

) independent variable

€ residual effects

7 Density of fuel oil [g/(cm3)]
p density

u velocity of fluid

| isentropic efficiency
Symbols

STTTNHT I VI e

C3~C8

S0 R N
Q

Irreversibility

Diagnostic index

Exergy flow

Diesel engine speed (rpm)
Diesel engine power (kW)

Mass flow rate (kg/s)

Pressure (bar)

Temperature (K)

Torque (N-m)

characteristic curve function
Power (kW)

Nominal engine power (kW)
Fuel consumption rate g/(kW-h)
The amount of oil supplied per 100 cycles (ml)
Nominal engine speed (rpm)
Bore (mm)

Stroke (mm)

Failure type

Air compressor

Air cooler

Cylinder 1~6

Turbine

Number of cylinders

time

means flow longitudinal dimension
means total internal energy
total enthalpy

gas constant

adiabatic exponent air
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Nomenclature

Subscripts

MP Measure point location
ref reference operating condition
real real operating condition

C Compressor

T Turbine

xa air exergy flow

xg gas exergy flow

xf fuel exergy flow

xq cooling water exergy flow

calc calculated

l

Index for numerating of components
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