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ABSTRACT

This second part of our manuscript deals with the diagnostic capabilities of the Blitz-PRO utility computer program. 
These capabilities form the basis of the Weichai WP4 engine’s digital twin, in terms of multi-symptom identification of 
selected states of the engine’s fed system and valve train system. These states include the use of non-standard fuel, the 
wear of precision pairs of the high-pressure fuel pump, and mismatched camshaft positioning during engine assembly 
after maintenance. The basic assumptions of the mathematical model of the diesel engine used in Blitz-PRO are outlined 
here, and numerical experiments are conducted on the model to simulate the behaviour of the Weichai WP4 engine 
after the introduction of the considered states. Based on the results of numerical simulations of the working process, 
a relational model is proposed, which forms the basis for diagnostic reasoning. A comparative analysis of the changes 
in the diagnostic parameters of the relational model and the resulting syndromes enables early detection of similar 
states of fuel-fed systems for similar engine types.
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INTRODUCTION

The basis for contemporary diagnostics of marine diesel 
engines is mathematical modelling of the operational process, 
which is used to develop a virtual reality system called a “digital 
twin” [1]. This enables computer simulations of the influence 
of the numerous factors determining the desired values of the 
engine’s thermodynamic cycle parameters, with the aim of 
achieving maximum thermal efficiency and minimal emissions 
of harmful (including toxic) components in the exhaust gases. 
For example, the influence of the fuel injection process, the 
quality of its atomisation, evaporation, and mixing with air in the 
combustion chamber can be analysed in terms of the intensity 
of heat release in the combustion process and the in-cylinder 

pressure [2-5]. This enables optimisation of the parameters 
and characteristics of the abovementioned factors, provided 
that the mathematical model has previously been positively 
verified through laboratory and engine tests [6-8]. This is 
a particularly complex issue, because modern marine engines 
are characterised by significant technological advancements, 
which introduce significant peculiarities to the modelling 
of the energy and physicochemical processes. One example 
involves high-pressure storage fuel injection systems (‘common 
rail’ systems) with solenoid- or piezoelectrically controlled 
injectors, which enable multiple fuel injections with precise 
control over the number, speed, and duration of injections, 
regardless of the engine speed or load, as well as sequentially 
engaged turbochargers with adjusTable geometry [9]. In such 
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cases, conventional single or even double Wiebe functions 
are no longer suiTable for modelling the fuel combustion 
rate in contemporary marine diesel engines. Hence, much 
more complex empirical functions are required to represent 
the impact of these design parameters on the performance, 
efficiency and exhaust composition of the engine [10].

Another problem that may be encountered is limited access 
to detailed technical data on the diagnosed engine, especially 
in terms of the structural drawings that are necessary for digital 
dimensioning of the structural parameters, which are then entered 
into the mathematical model (e.g. by means of the AutoCAD 
computer application). It should also be mentioned that other 
input parameters can be introduced into the mathematical model 
arbitrarily or based on known empirical relationships, which 
crucially determines the adequacy of the mathematical model.

A further problem is the possibility of verification using a real 
object (i.e. a full-sized marine engine), which is usually equipped 
only with a standard measuring system, without the possibility 
of direct, continuous, and sufficiently in-depth observation of 
the working process [11-13].

In such a situation, in accordance with the theory of process 
mathematical modelling and methods of planning experimental 
research (as described in [14-16]), there are two possible courses 
of action:

(i) �A deductive (deterministic) approach: Starting from the 
theoretical foundations of the modelled process and based 
on certain simplifying assumptions, mathematical equations 
are formulated that establish relationships between the 
input and output signals of the engine’s working spaces 
(known as ‘balance equations’), using the fundamental 
laws of physics and chemistry (e.g. conservation laws). The 
mathematical model of the working process developed in 
this way should be verified by comparing the results of 
numerical simulations with those of experimental studies of 
the same processes for a real object, using the same inputs 
(forcings). This process determines the adequacy of the 
model, taking into account the measurement uncertainty 
and the individual design and process characteristics of each 
real object (production uniqueness). A key issue, however, 
involves determining the level of detail for the developed 
mathematical model, since over-enrichment or over-
simplification of the model’s structure can erase (falsify) the 
actual picture of the engine performance. An overly detailed 
model, enriched with details and elements that contribute 
little to the intended purpose of the simulation, significantly 
complicates the calculation procedures, and consequently 
the assessment of the adequacy of the obtained simulation 
results and their further interpretation. Conversely, an 
overly simplified model is often unreliable.

(ii) �An inductive (probabilistic) approach: Through carefully 
scheduled experiments, engine tests are first conducted 
on a  real object. The courses of the output signals 
are determined for specific (appropriately planned) 
alterations to the input signals. Based on a regression 
analysis of both types of signal, the mathematical 
relationships between them are established (as a function 
of the research object, in this case a heat release rate) 

and verified in accordance with the theory of statistical 
hypothesis testing.

The final results of the simulation studies of the mathematical 
model and experimental studies of a full-sized marine engine 
should take the form of a function defining the heat release 
during fuel combustion, as well as the in-cylinder pressure, in 
terms of the crankshaft rotation angle.

Simulation studies of appropriately verified mathematical 
models, which approximately represent the performance of 
a real object under conditions involving changes to the values 
of its structural parameters (i.e. simulations of various types 
of operational failure), make it possible to identify diagnostic 
symptoms and syndromes [17].

SIMULATION MODEL: A DIGITAL TWIN

Mathematical simulation provides a  powerful tool for 
extracting additional data from diagnostic test results, enabling 
relatively precise assessment of an engine’s technical condition and 
identification of the potential causes of faults, even when multiple 
malfunctions are present simultaneously. The most promising 
application of mathematical simulation is the development of 
a digital twin for diagnostic purposes, which can accurately 
replicate the engine’s behaviour in terms of diagnostic-relevant 
aspects [2]. This digital twin should be an integral component of 
the diagnostic system, whether porTable or stationary. The use 
of a digital twin may vary based on the types and functionality 
of the diagnostic systems, and it may be integrated into higher-
level digital twins of systems where engines are installed as the 
power source, such as ships, vehicles, or stationary installations. 
This approach allows for the computation of transient processes 
and simulation of intermittent faults, as illustrated in [18]. The 
greatest benefits can be achieved by combining a digital twin 
with a learning-capable neural network, as this enables a more 
efficient and continuous analysis.

A test bench was developed at the Laboratory of the Marne 
Power Plants and Technical Maintenance at the Odessa National 
Maritime University (ONMU), based on a Weichai WP4 marine 
diesel engine powering an electric generator. This test bench 
was designed for testing new diagnostic methods and systems, 
particularly those involving digital twin technology. The test 
bench and its equipment are described in [19], and Fig. 1 shows 
the primary components.

The test bench is equipped with a set of sensors, including 
a cylinder gas pressure sensor, fuel pressure sensors at the high-
pressure fuel pump outlet and fuel injector inlet, a vibroacoustic 
sensor, and temperature sensors for the exhaust gases and air 
within the components of the turbocharging system [20]. 
The sensor signals are processed by controllers that generate 
standardised data packets, which are transmitted wirelessly to 
tablets, as shown in Fig. 2. These tablets run specialised software 
enabling data processing, analysis, and storage in a database. In 
addition, the tablets enable streaming of the system’s real-time 
operation to external displays.

This setup allows for real-time diagnostic monitoring of the 
engine operation, and captures specific diagnostic parameters 
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associated with cycle irregularities. These parameters and the 
methodologies for determining them are described in [21].

The online Blitz-PRO service functions as the digital 
twin, providing automated synthesis of the engine operating 
processes based on classical thermodynamic equations [22, 23]. 
A key feature of this simulation service is the incorporation 
of characteristic maps of turbochargers and superchargers to 
enable accurate closed-loop modelling of the engine’s operating 
processes under both steady-state and transient conditions, which 
is especially important for engine operation at various loads 
and speeds. Specially developed methods allow for simulation 
of compressor instability, such as surges in the turbocharger’s 
compressor [24].

To model the heat release characteristics, an advanced method 
developed by Prof. N. F. Razleitsev is used, which accounts for the 
uneven atomisation of the fuel spray into droplets during injection 
[2]. In the Razleitsev fuel combustion model, evaporation of the 
fuel sprays is taken into consideration by applying a modification 
of the Sreznevsky law for the evaporation of an individual droplet. 
The fuel evaporation rate is calculated as an integral over all fuel 
portions injected up to a given moment of time:

dσev

dφ  = ∫φ
φin j.start 32  · χwall · bev ·

(1 – χwall · bev · 
φ – φin j.start

6n )0.5 ·[ dσ
dφ ] dφ    (1)

where:
σev	 – �evaporated portion of fuel,
dσ/dφ	 – �relative injection rate, 
bev	 – �evaporation constant, 
χwall	 – �reduction in the evaporation rate that occurs when 

fuel interacts with the walls. 
The fuel evaporation constant depends on the Sauter diameter 

of the fuel spray droplets d32, and is calculated as:

bev  = Y · 1012

d2
32

 · 1
pc

              (2)
where:
Y	 – �correction factor,
pc	 – �end pressure of the compression process,
mY	 – �exponent of the evaporation function. 

The average Sauter diameter for the fuel droplets is calculated 
as follows:

d32 = 106 · Ec · din j.holes · M0.0733

(ρ–We)0.266         (3)

M = μ2
fuel

din j.holes · ρfuel · σfuel
              (4)

ρ– = ρc

ρfuel
                  (5)

We = u
2
in j · din j.holes · ρfuel

σfuel
               (6)

where:
μfuel, ρfuel, σfuel	 – �dynamic viscosity, specific gravity and 

surface tension of the fuel, respectively, 
Ec		  – �an adjusTable coefficient, usually equal to 

1.7 for typical nozzles,
Din j.holes		  – �diameter of the nozzle holes,
uin j		  – �injection velocity.

The original approach devised by Razleitsev assumes 
a constant size of fuel droplets during injection, whereas the 
modified model accounts for variation based on fuel injection 
diagrams.

The formation of pollutants during fuel combustion in engine 
cylinders (specifically nitrogen oxides, carbon monoxide, and 
soot) is calculated using the methodologies detailed in [25]. 
For a diesel engine, the main component of greenhouse gases 
is CO2, and its amount in the exhaust gases obviously depends 
on the fuel consumption:

дCO2 = дC · bb, 
д

kW · h            (7)

where:
дC	 – �carbon mass fraction in engine fuel,
bb	 – �specific fuel oil consumption for the brake.

Blitz-PRO also provides estimations for the following toxic 
emission components of the exhaust gases of marine diesel 
engines: CO, soot, SOx and NOx.

Fig. 1. Photographs of the marine diesel-generator test bench installed in  
the ONMU laboratory: (a) diagnostic system control panel, (b) general  
view of the Weichai WP4 marine diesel-generator, (c) fuel consumption  

measurement piping, (d) cylinder pressure sensor; (e) vibroacoustic sensor,  
(f), (g) fuel pressure sensors at fuel pump exit and fuel injector entry

Fig. 2. Diagram of the diagnostic system developed for the test bench
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The two-zone combustion model is used to predict the gas 
compositions separately for the fresh charge and burned gas 
zones. The gas composition for the burned gas zone is calculated 
using Prof. V. Zvonov’s method, in which the burned gases are 
assumed to form an 18-component mixture of O, O2, O3, H, 
H2, OH, H2O, C, CO, CO2, CH4, N, N2, NO, NO2, NH3, HNO3, 
and HCN.

The NOx concentration at the exhaust gas is calculated based 
on the Zeldovich mechanism for “thermal” nitric oxide (NO). 
This chained mechanism includes three equations: 

N2 + O <==>
K1p

K1r
 NO + N            (8)

N + O2 <==>
K2Π

K2p
 NO + O            (9)

N + OH <==>
K3p

K3R
 NO + O            (10)

where:
K1p, K1r, K2p, K2r, K3p, K3r	 – �constants for the direct and reverse 

chemical reactions, respectively. 
The most important formula in terms of the total NO 

formation kinetics is Eq. (9). The equation for NO kinetics 
can be expressed as:

d[NO]
dτ  =K1p[N2][O]– K1r [NO][N]+K2p[O2][N]–

K2r[NO][O]+K3p[N][OH]–K3r[NO][H]    (11)

where the square brackets “[]” express the volumetric 
concentration of the corresponding matter.

Blitz-PRO currently use the NO formation kinetic equation, 
which considers only equations (8) and (9) according to 
Zvonov’s approach:

d[NO]
dτ  = 2K1p[N2][O]

1+ K1r[NO]
K2p[O2]

 (1–  [NO]2

K4 [O2][N2])      (12)

K4 = K1p · K2p

K1r · K2r
                (13)

We note that K4[O2][N2]=[NO]eq is the equilibrium 
concentration of NO.

Conversion of this equation into volumetric fraction units 
gives:

d[NO]
dτ  = p

R · Tburned
 2K1p[N2][O]

1+ K1r[NO]
K2p[O2]

· (1– ([NO]
[NO]eq

)2)  (14)

where: 
p	 – �pressure in the cylinder, bar, 
R	 – �gas constant, 8.3144 J/(mole·K),
Tburned	 – �temperature of the burned gases.

The Arrhenius law equations are used to calculate the 
reaction rate constants as follows: 

K = A · TB · exp(– Ea
RT)          (15)

where:
A, B	 – �empirical coefficients, 
Ea	 – �activation energy.

For high-speed engines, the final concentration of CO in 
exhaust gases is estimated as an equivalent concentration at the 
end point of combustion. For medium- and low-speed diesel 
engines, the following kinetic equation is used:

d[CO]
dτ  = –K1c[CO][OH]          (16)

where:
K1c		  – �reaction constant, 7.1∙1012∙exp(-32200RT),
[CO], [OH]	 – �concentrations of CO and OH, respectively.

Soot formation is calculated using Razlejtsev’s approach. 
The instantaneous volumetric soot concentration rate is given 
by the equation:

d[C]
dτ  = (d[C]

dτ )kin +(d[C]
dτ )pol –(d[C]

dτ )burn –(d[C]
dτ )vol  (17)

where:
(d[C]

dτ )kin		  – �kinetic formation rate of soot (in the flame),

(d[C]
dτ )pol		  – �core polymerisation rate of fuel droplets,

(d[CO]
dτ )burn	 – �burning rate of the soot particles,

(d[C]
dτ )vol		  – �change in the soot concentration rate due 

to changes in cylinder volume.

(d[C]
dτ )kin = B1soot · 

qfuel

V  · dx
dt           (18)

(d[C]
dτ ) pʹol =B 2ʹsoot ·δd ·

qfuel

V  · τin j

1–exp(–(√Kev·(τ–τin j.start)
d32

inst )ndisp)
  (19)

(d[C]
dτ )ʹpʹol = Bʹ2ʹsoot · δd · (1–xin j.end)· 2 · V · (τ – τin j.end)

ndisp · qfuel

(√Kev·(τ–τin j.start)
d32

inst )ndisp
 τin j

1–exp(–(√Kev·(τ–τin j.start)
d32

inst )ndisp)
  (20)

(d[C]
dτ )burn = B3soot · kO2 · √

–
n · p · [C]      (21)

(d[C]
dτ )vol =  B4soot · 6n

V  · dV
dϕ           (22)

where:
B1soot , B2ʹsoot , Bʹ2ʹsoot , B3soot , B4soot – �empirical coefficients,
δd			      – �core size of droplets,
d32

inst			      – �instantaneous Sauter diameter 
of the injected fuel, 

Kev			      – �evaporation constant, 
τin j.start , τin j.end	 	    – �times of the start and end of 

injection, respectively, 
xin j.end	 		     – �burned fuel fraction at the end 

of injection, 
ndisp	 		     – �distibution constant (used 

to consider fuel injection 
uniformity), 

[C]	 		     – �volumetric soot concentration.

The use of a digital twin enables extensive analysis of the 
engine performance parameters based on limited sensor data. 
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Fig. 3 presents a comparison between the indicator diagrams 
obtained experimentally from the operation of the engine and 
the output of the digital twin simulation. In this example, the 
digital twin received the following input data:

– crankshaft rotation speed,
– peak combustion pressure,
– indicator cycle power,
– start of combustion timing.
In the automated mode, the digital twin identifies the 

optimal fuel injection timing and injection duration based on 
the received data, and then transmits the calculation results for 
comparison with the experimental data. Fig. 3 shows a high 
degree of correspondence between the calculated results and 
the data experimentally acquired from the cylinder gas pressure 
sensor. It is notable, however, that while the sensor records distinct 
non-stationary phenomena during combustion, as explained 
by pressure wave propagation and wall reflections within the 
combustion chamber, the calculated curve represents the averaged 
cylinder pressure, omitting these combustion-specific details.

Fig. 3. Comparison of measured cylinder gas pressure data with results 
from digital twin model 

RESULTS AND DISCUSSION

The digital twin can also be used to assess the impact of 
leakages in precision pairs of injection pumps, as well as the 
effects of fuel properties on the operational process parameters 
of the engine, including deviations caused by standard fuels with 
properties outside specification limits (ISO 8217 Fuel Standard). 
Such insights are essential for diagnosing deviations in engine 
performance that may stem from both mechanical issues and 
fuel characteristics [26].

As part of our simulation studies of the engine operation 
process using the Blitz-PRO computer program, the following 
states of the engine fuel fed system were considered:

• �FSR (reference state): Engine fed with marine gas oil (MGO) 
fuel, with standard physicochemical properties;

• �FS1: Engine fed with marine diesel oil (MDO) fuel, with 
standard physicochemical properties;

• �FS2: Engine fed with MDO fuel, with non-standard 
physicochemical properties, except that the value of 
the fuel kinematic viscosity was increased from 2.37 to 
5.16 mm²/s. We note that the standard viscosity value for 
MDO, determined at 40°C, should be within the range 
2.00–4.50 mm²/s. This is a key parameter for the proper 
functioning of the injection system, as it affects the quality 
of fuel atomisation and the lubrication of precision pairs 
of injection pumps and injectors;

• �FS3: Engine fed with standard MGO fuel, with simultaneous 
wear of precision pairs of the injection pump.

Table 1 summarises the steady-state simulation results for 
a Weichai WP4 engine operating at a crankshaft rotational 
speed of 1500 rpm, with a set fuel dose of 25.6 mg per cycle 
and an injection advance angle of 8.5 °CA bTDC. Fig. 4 shows 
the relational model of the engine working process taking into 
account the forcings from the considered states of the fuel-fed 
system (FS).

Tab. 1. Results of operating process simulations of a Weichai WP4 diesel 
engine under different states of the fuel-fed system (crankshaft rotational 

speed 1500 rpm, fuel injection (dose) 25.6 mg per cycle)

No Diagnostic parameter DP FSR FS1 FS2 FS3

1 Brake power BP, kW 14.51 14.318 14.203 14.26

2 Air excess ratio λ, - 3.916 3.886 3.895 3.937

3 Specific fuel consumption SFC, 
g/(kW·h) 317.7 321.8 324.4 323.09

4 Indicated power IP, kW 25.328 25.068 24.887 25.266

5 Maximum in-cylinder pressure 
pcmax, bar 86.78 84.02 81.79 77.62

6 Maximum in-cylinder 
temperature tcmax, C

1204.5 1165.6 1133.5 1107.8

7 Maximum temperature in the 
burned gases zone tczmax, °C

2921.9 2844.5 2833.8 2855.8

8 Self-ignition (firing) pressure 
pcsi, bar 53.74 55.65 55.76 55.15

9 Self-ignition (firing) 
temperature tcsi, °C

945.6 948.9 949.2 948.3

10 Temperature before turbine 
tTC, °C 255.3 257.4 262.1 268.3

11 Maximum pressure rise rate 
(dpc/dα)max, bar /°CA. 5.73 10.62 8.87 3.39

12 Injection advance αina, °CA 
before TDC 8.5 8.5 8.5 6.5

13 Duration of injection αind, °CA. 6.8 6.7 6.7 10

14 Average fuel droplets size by 
Sauter dfd, mcm 20.38 20.60 23.07 24.99

15 Ignition delay αigd, °CA. 2.48 4.09 4.09 2.42

16 Average injection pressure pinav, 
MPa 28.62 28.75 28.69 16.7

17 Maximum injection pressure 
pinmax, MPa 50.86 51.27 51.21 26.9

18 CO2 specific emissions eCO2
,  

g/(kW·h) 1004.7 1022.2 1030.5 1021.9

19 NOx specific emissions eNOx,  
g/(kW·h) 8.96 8.58 8.42 8.58

20
Soot concentration at exhaust 
opening referred to normal 
conditions, in HSU, %

0.038 0.066 0.157 0.236
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Fig. 4. Relational model of the working process of a marine engine for 
diagnostic purposes: FS – states of the engine fuel-fed system (forcings), 

DP – diagnostic parameters (responses), D – disturbances

The numerical data in Table 1 show that the fuel type markedly 
affects the peak combustion pressure and combustion intensity. 
Due to the lower cetane number for MDO relative to MGO, the 
ignition delay extends from 2.48 to 4.09°CA, thereby increasing 
the proportion of fuel undergoing kinetic combustion, as depicted 
in Fig. 5. Differences in the lower heating value and evaporation 
rate reduce the engine power for a given fuel supply, and raise the 
brake specific fuel consumption from 317.7 g/(kW·h) for MGO 
to 321.8 and 324.4 g/(kW·h) for conditional and non-conditional 
MDO, respectively.

These combustion characteristics influence the formation 
of pollutants within the cylinder. Due to the higher calorific 
value and faster burn rate of MGO, temperature in burned gases 
zone elevates, which promotes the conditions necessary for NOx 
formation, with emission rates reaching 8.96 g/(kW·h) versus 
8.58 g/(kW·h) for MDO. Conversely, more efficient combustion 
lowers the exhaust opacity. Fig. 5 illustrates the dynamics of 
NO and soot formation in the engine cylinder, while Fig. 6 
presents a comparison of the injection-evaporation-combustion 
diagrams for MGO and MDO, revealing that the ignition delay 
and evaporation rate are critical factors which make up the effect 
on the fuel combustion rate diagrams.

For comparison, additional calculations were performed for 
the engine’s operating processes using MGO fuel, with simulations 
of the wear on the plunger pair of the high-pressure fuel pump. 
Wear of the plunger pair results in increased fuel leakage, which 
in turn reduces the injection advance angle from 8.5 to 6.5°CA 
before TDC and extends the injection duration from 6.7 to 10°CA. 
The calculated data for this scenario are also presented in Table 1 
and Fig. 5.

The interrelationships between the set of states of the fuel-
fed system considered here, i.e. FSi = {FS1, FS2, FS3}, and the 
selected set of diagnostic parameters DPj = {BP, λ, SFC, IP, pcmax, 
tcmax, tczmax, pcsi, tcsi, tTC, (dpc/dα)max, αina, αind, dfd, αigd, pinav, pinmax, 
eCO2, eNOx, HSU} identifying these states are usually presented 
by means of a binary diagnostic matrix, as shown in Table 2. If 
a diagnostic parameter responded to a change in the fuel-fed 

Fig. 5. Simulation results for operation of a Weichai WP4 diesel engine with 
different fuel properties (as shown in Table 1): ---------- MGO, ··········· MDO, 

- - - - - - MDO (non conditional), - · - · -  MGO (low injection pressure)

Fig. 6. Comparison of fuel injection, evaporation and combustion rates for 
(a) MGO and (b) MDO: ---------- fuel combustion rate,  
··········· fuel evaporation rate, - - - - - - fuel injection rate
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system state by exceeding the tolerance limits by 5% (becomes 
a symptom of the change), then a value of one was inserted in 
the diagnostic matrix cell at the intersection of the i-th row and 
the j-th column; if the parameter did not respond to a change 
in state, a value of zero was inserted.

An analysis of the numerical data contained in the matrix 
indicates that if the diagnostic syndrome result {SdFS1}={0,0,0,0, 
0,0,0,0,0,0,1,0,0,0,1,0,0,0,0,1} appears during the engine testing 
process, this indicates that the engine is likely to have been 
switched to standard MDO fuel. The result SdFS2}={0,0,0,0,1,1, 
0,0,0,0,1,0,0,1,1,0,0,0,1,1} immediately indicates a significant 
decrease in the viscosity of standard MDO fuel, whereas the 
result {SdFS3}={0,0,0,0,1,1,0,0,0,1,1,1,1,0,1,1,0,0,1} means that 
the injection pump has lost its internal tightness, probably due 
to wear of its precision pair.

In subsequent stages of diagnostic investigations, the set of 
diagnostic parameters should be minimised using the following 
elimination criteria: 

• �The amount of diagnostic information provided about 
the states of the fuel-fed system, evaluated based on an 
informative entropy function [27], 

• �The capabilities of stationary and porTable measurement 
systems to observe diagnostic parameters selected through 
simulation studies, 

• �The controllability of the engine type under test (e.g. 
whether it is equipped with indicator cocks).

Another example of the application of a  digital twin 
involves the analysis of valve timing compliance with factory 
specifications and a study of their influence on the engine’s 
operating parameters. During operation of the engine, valve 
timing may shift for various reasons, including camshaft wear, 
as described in the first part of this study [28]. In low-speed 
two-stroke engines, changes in the opening and closing timings 
of the exhaust valve may occur due to wear of the hydraulic 
valve actuation system, which requires continuous monitoring 
at engine operation [22]. Another likely cause is camshaft 
misalignment during reassembly of the engine after repair.

As shown in Fig. 7, modern diagnostic systems for marine 
engines equipped with vibration sensors are capable of directly 
detecting the moment of valve closure and, in some cases, valve 
opening. For example, the report generated by the DEPAS 5.0W 
system in Fig. 7 includes the automatically identified intake and 
exhaust valve closure phases (φIVC, φEVC), as well as the intake 
valve opening phase (φIVO). The detected phases correspond to 
the rated specifications. However, during engine reassembly, 
there is a risk of incorrect camshaft installation relative to the 
crankshaft. Fig. 8 shows the gear train arrangement of the Weichai 
WP4 engine; it can be seen that the crankshaft driving gear has 34 

Tab. 2. Diagnostic matrix for the Weichai WP4 diesel engine for the considered states of the fuel-fed system 

Fig. 7. Report sheet automatically generated by DEPAS 5.0W for the Weichai WP4 test engine

FSi/DPj BP λ SFC IP pcmax tcmax tczmax pcsi tcsi tTC
FS1 0 0 0 0 0 0 0 0 0 0

FS2 0 0 0 0 1/

→

1/

→

0 0 0 0

FS3 0 0 0 0 1/

→

1/

→

0 0 0 1/→

FSi/DPj (dpc/dα)max αina αind did αigd pinav pinmax eCO2 eNOx HSU

FS1 1/→ 0 0 0 1/→ 0 0 0 0 1/→

FS2 1/→ 0 0 1/→ 1/→ 0 0 0 1/

→

1/→

FS3 1/

→

1/

→

1/→ 1/→ 0 1/

→

1/

→

0 0 1/→
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teeth, meaning that installation errors are possible in increments 
of approximately 10.6° of crankshaft rotation for each missed 
tooth of the gear.

Using a digital twin, it can be demonstrated that under 
a load of 36 kW at 1500 rpm (about 60% of the rated power), 
a camshaft installation error of one or two teeth in the direction 
of either advanced or delayed valve timing does not prevent 
the engine from running, meaning that detection of this error 
without measuring the valve timing directly may be challenging. 
Nevertheless, as shown in Fig. 9, the main operating parameters 
of the engine under these operating conditions strongly depend 
on the camshaft positioning. Incorrect camshaft installation leads 
to increased fuel consumption, higher exhaust gas temperatures 
before the turbocharger turbine, and noticeable deviations in 
peak combustion pressure and ignition pressure.

Fig. 8. Diagram showing the gears of the Weichai WP4 

Fig. 10 presents pumping-loop p-V diagrams and indicator 
p-φ diagrams for the combustion phase for normal camshaft 
installation, as well as for a camshaft timing shifted by 20° of 
crankshaft rotation in both the advance and delay directions. 
A clear increase in pumping-loop power Ppump under the shifted 
timing can be observed, with the numerical values presented 
in Fig. 9. Thus, a camshaft installation error of two gear teeth 
may result in an increase in fuel consumption of up to 6% 
and an exhaust gas temperature rise Δtt of up to 90°C before 
the turbine, which adversely affects both the engine efficiency 
and service life. The diagnostics matrix could also be applied 
in this case, although direct measurements of the valve timing 
are preferred if possible.

At higher engine loads, a camshaft installation error becomes 
evident, since the engine is unable to achieve the rated power 
without exceeding the exhaust gas temperatures limits.

CONCLUSION

The results of numerical simulations of the engine working 
process confirm that the digital twin allows for effective 
separation of the impact of specific or combined fuel parameter 
variations on engine performance. This means that these 
effects can be distinguished from those due to wear in fuel 
system components as well as deviations of valve timings from 
the specified values. Our results show that fuel quality and 
injection system wear strongly influence the ignition delay, 
peak pressure, combustion rate, and formation of pollutants, 

with measurable impacts on brake-specific fuel consumption 
and emission levels. Errors in camshaft installation of one or 
two gear teeth do not immediately disable the operation of the 
engine, but lead to increased fuel consumption, higher exhaust 
gas temperatures, and reduced efficiency, thus highlighting the 
diagnostic importance of valve timing control.

Fig. 9. Effect of camshaft timing on engine performance at a constant 
load of 36 kW/1500 rpm

Fig. 10. Effect of camshaft timing on cylinder pressure build-up 
at a constant load of 36 kW/1500 rpm
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Integration of the Blitz-PRO simulation service into the 
diagnostic system enabled accurate replication of transient 
processes and prediction of irregular operating states, including 
fuel spray evaporation, turbocharger instabilities, and the 
formation of emissions. The resulting digital twin, when combined 
with real-time data acquisition, provided a comprehensive 
diagnostic framework that was capable of addressing both 
mechanical wear and fuel-related factors.

This study confirms that digital twin technology, particularly 
when complemented by advanced combustion and emission 
models, serves as a powerful tool for real-time diagnostics 
and condition monitoring of marine diesel engines. Its 
application not only enhances the accuracy of fault detection 
but also supports compliance with operational efficiency and 
environmental protection requirements, thereby extending 
engine service life and ensuring more reliable operation of 
diesel power systems.
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