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Abstract: Taking a two-stroke marine diesel engine as an example, this study first builds up a thermodynamic simulation model of a 

turbocharging and gas-exchange system in MATLAB/Simulink, which is verified by the experimental results of a diesel engine under 

normal conditions. The boundary condition and corresponding model parameters are changed to simulate typical performance failures, 

including extremely high engine room temperature, intake filter blockage, intercooler fouling at the water side, overly high intercooler 

cooling water temperature, scavenging port fouling, clogged turbine nozzle, worn turbocharger bearing, and turbine exhaust passage 

fouling. The thermodynamic parameters of a diesel engine under different running conditions and performance failures are analyzed 

in terms of relative deviation, which demonstrates the relationship between the performance failures and thermodynamic parameters. 

This relationship could be mostly free of the engine running conditions. Finally, a normalization method is proposed to eliminate the 

influences of the engine room temperature and intercooler cooling water temperature. Thus, the performance failures could be detected 

according to the relative deviation of the proposed thermodynamic parameters under different running conditions throughout the entire 

engine working range. This method may provide a more practical foundation and possible breakthrough in the condition monitoring 

and failure diagnosis of marine diesel engines onboard ships. 
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Nomenclature 
∆𝑷𝑷𝟏𝟏 local pressure loss at air filter inlet 

∆𝑷𝑷𝟐𝟐 resistance loss along air filter way 

𝝆𝝆 inlet air density 

𝒍𝒍 pipe length of the air filter 

𝒅𝒅 pipe diameter of the air filter 

𝑷𝑷𝟎𝟎 compressor inlet pressure 

𝝀𝝀 inlet air viscous coefficient 

𝝊𝝊 inlet air flow rate 

𝑨𝑨𝒓𝒓 equivalent inlet area of compressor 

𝑻𝑻𝒄𝒄𝒄𝒄𝒄𝒄 inlet air temperature of the compressor 

𝑻𝑻𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 outlet air temperature of the compressor 

𝒄𝒄𝒄𝒄𝒄𝒄 turbocharger rotating speed 

𝝅𝝅𝒄𝒄 compressor pressure ratio 

𝒌𝒌 polytropic compression index 

𝑹𝑹 gas constant 

𝑻𝑻𝒄𝒄𝒍𝒍𝒄𝒄𝒄𝒄 air temperature at intercooler inlet 

𝑻𝑻𝒄𝒄𝒍𝒍𝒄𝒄𝒄𝒄𝒄𝒄 air temperature at intercooler outlet 

𝑷𝑷𝒄𝒄𝒍𝒍𝒄𝒄𝒄𝒄 air pressure at intercooler inlet 

𝑷𝑷𝒄𝒄𝒍𝒍𝒄𝒄𝒄𝒄𝒄𝒄 air pressure at intercooler outlet 

𝑻𝑻𝒘𝒘 cooling water inlet temperature of intercooler 

𝜺𝜺 cooling coefficient of cooling water 

𝒎𝒎𝒄𝒄𝟎𝟎 rated air flow rate of intercooler 

∆𝑷𝑷𝟎𝟎 initial air pressure loss of intercooler 

𝑷𝑷𝒄𝒄𝒎𝒎 air pressure in scavenging tank 

𝑻𝑻𝒄𝒄𝒎𝒎 air temperature in scavenging tank 

𝑽𝑽𝒄𝒄𝒎𝒎 scavenging tank volume 

𝒎𝒎𝒅𝒅 intake air flow of engine 

𝜼𝜼𝒗𝒗 charging efficiency of engine 

𝒄𝒄𝒆𝒆 running speed of engine 

𝑲𝑲 increase factor of exhaust gas temperature 

𝜶𝜶 excess air coefficient 
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𝒎𝒎𝒇𝒇 injected fuel quantity per cylinder 

𝑻𝑻𝒄𝒄 output torque of engine 

𝑻𝑻𝒆𝒆 exhaust gas temperature of engine 

𝒈𝒈𝒄𝒄 fuel oil consumption rate of engine 

𝑯𝑯𝒄𝒄 fuel oil low heat value 

𝑽𝑽𝒅𝒅 evacuation volume per cylinder 

𝜼𝜼𝒄𝒄 indicated working efficient of engine 

𝑷𝑷𝒆𝒆𝒎𝒎 gas pressure in exhaust manifold 

𝑻𝑻𝒆𝒆𝒎𝒎 temperature in exhaust manifold 

𝒎𝒎𝒄𝒄𝒄𝒄𝒄𝒄 mixed gases flow in exhaust manifold 

𝑽𝑽𝒆𝒆𝒎𝒎 exhaust manifold volume 

𝒄𝒄𝒄𝒄𝒄𝒄′  similar rotating speed of turbine 

𝑻𝑻𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 turbine gas outlet temperature 

𝑴𝑴𝒄𝒄 turbine output torque 

𝒎𝒎𝒄𝒄 gas flow of turbine 

𝜼𝜼𝒄𝒄𝒕𝒕 turbine working efficient 

𝑭𝑭𝒓𝒓𝒆𝒆𝒕𝒕 gas flow area of turbine 

𝝅𝝅𝒄𝒄 turbine expansion ratio 

𝝁𝝁𝒄𝒄 flow coefficient of turbine 

𝝍𝝍 flow function coefficient of turbine 

𝜼𝜼𝒎𝒎 turbocharger working efficiency 

𝑰𝑰𝒄𝒄𝒄𝒄 turbocharger rotating inertia 

𝒍𝒍/𝒅𝒅 aspect ratio of compressor filter 

𝝁𝝁𝒕𝒕 intake air flow coefficient 

𝝁𝝁𝑻𝑻 turbine nozzle flow coefficient 

𝑷𝑷𝒃𝒃 turbine back pressure 

𝑵𝑵𝑪𝑪𝟏𝟏 compressor coefficient 1 

𝑵𝑵𝑪𝑪𝟐𝟐 compressor coefficient 2 

𝑵𝑵𝑪𝑪 intercooler cooling coefficient 

𝑵𝑵𝒄𝒄𝟏𝟏 turbine coefficient 1 

𝑵𝑵𝒄𝒄𝟐𝟐 turbine coefficient 2 

𝑵𝑵𝒄𝒄𝒇𝒇 intercooler flow coefficient 

𝑵𝑵𝒄𝒄𝒇𝒇 turbine flow coefficient 

1. Introduction
With the rapid development of ship technology, ocean-going 

ships are tending to be large scaled and intelligent. When abnor-

mal phenomena occur during ship operation, it becomes increas-

ingly difficult for engineers in the engine room to quickly analyze 

the causes of failure and respond accurately in the face of com-

plicated puzzling information. The development of marine en-

gine condition monitoring and failure diagnosis technology can 

help engineers address failures in time, save over 30% overhaul 

costs, reduce maintenance labor by 37%, and avoid accidents [1]. 

Additionally, the utilization of equipment can be extended, re-

sulting in considerable economic benefits. The thermodynamic 

parameters of marine diesel engines, with significant failure in-

formation, have the characteristics of little external interference, 

good information quality, a wide diagnosis range, and strong 

availability, and have been the main method for the condition 

monitoring of modern ships. However, the main marine diesel 

engine of a ship is a complex system that integrates mechanical, 

electrical, thermal, and hydraulic features. It is composed of a 

fuel injection system, a chamber combustion system, a turbo-

charging and gas-exchange system, and starting and reversing 

systems [2]. There are many potential failure excitations and 

abundant characteristic parameters. No simple corresponding re-

lationship exists between them, which is also influenced by the 

ship navigation conditions and engine operation boundary condi-

tions [3]. The acquisition of a definite and invariable relationship 

between performance failures and thermodynamic parameters 

under different running conditions is the main bottleneck in the 

application of failure diagnosis to large marine diesel engines [4].  

The failure simulation of a marine diesel engine by numerical 

calculation of the thermodynamic working process is a good way 

to reveal the intrinsic relationship between the thermodynamic 

parameters of the main engine and its performance failures under 

different ship navigation and engine running conditions, to solve 

the problem of parameter optimization, and provide training sam-

ples for automatic failure diagnosis by establishing a quantitative 

relationship between performance failures and characteristics un-

der various engine operating conditions. In recent years, some 

scholars have carried out performance failure simulations and 

characteristic analyses of marine diesel engines. Jose Antonio 

Pagán Rubioa et al. introduced a four-stroke high-speed marine 

diesel engine simulator with a one-dimensional thermodynamic 

engine model developed in the AVLBoost. Numerous typical 

failures can be simulated, and a failure database for diagnosis can 

be built in this way [5]. Theotokatos et al. employed mean value 

engine models based on a zero-dimensional model. The simula-

tion accuracy was validated against experimental data from ship 

trials, which can be used for engine performance prediction [6]. 

Matulić et al. simulated the failure of a two-stroke low-speed ma-

rine diesel engine based on an AVL multi-zone combustion 

model and other models. It was verified with onboard measure-

ments under 40%, 60%, and 100% engine load with 2%–7% in-

accuracy [7]. However, the thermodynamic parameters of diesel 
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engines are not only related to performance failures, but also to 

their operating conditions, such as the engine room air tempera-

ture and cooling water inlet temperature [8]. To consider these 

factors, considerably more modeling should be carried out, which 

is nearly impossible for marine diesel engines. The acquisition of 

a definite and invariable relationship between thermodynamic 

parameters and performance failures under different running 

conditions is the main bottleneck in the application of failure di-

agnosis for large marine diesel engines, which has not been suc-

cessfully solved by previous researchers. 

This study considers a MAN B&W 6S35ME-B type two-

stroke marine diesel engine as an example. The turbocharging 

and gas-exchange simulation system of the engine is built-up in 

MATLAB/Simulink with an average thermodynamic simulation 

model, which is verified by experimental results under normal 

conditions. The boundary condition and corresponding model 

parameters were changed to simulate typical performance fail-

ures. The thermodynamic parameters of a diesel engine under 

different working conditions and performance failures were ana-

lyzed in terms of the relative deviation, which demonstrated the 

relationship between the performance failures and thermody-

namic parameters. This relationship could be mostly free of the 

engine running conditions. Finally, a normalization method is 

proposed to eliminate the influences of the engine room temper-

ature and intercooler cooling water temperature. Future research 

will be carried out to verify this method, which lays a more prac-

tical foundation for the performance failure diagnosis of the die-

sel engine turbocharging ang gas-exchange system. 

2. Numerical Calculation Under Normal

Conditions 
2.1 Simulation Models 

Figure 1: Module composition of diesel engine turbocharging 

and gas-exchange system 

The simulated engine is a two-stroke marine diesel engine with 

a MAN TCR 22 turbocharger equipped with an emergency 

blower of 18.5 kW. The rated speed was 142 r/min, and the rated 

power was 3570 kW with a 350/1550 mm diameter/stroke. The 

outlet diameter of the compressor end was 290 mm, and the scav-

enging tank volume was 167 L. The exhaust main pipe diameter 

is 796 mm and the length is 604.6 mm. The maximum compres-

sion ratio of the turbo charger was 5.0. The entire diesel engine 

turbocharging and gas-exchange system is divided into seven 

subsystems: air filter, compressor, intercooler, scavenging tank, 

chamber combustion, exhaust valve, exhaust manifold, and tur-

bine, as shown in Figure 1 [9]. The thermodynamic model of the 

diesel engine system is shown in Figure 2. The mathematical 

simulation models are described as follows. 

1) Air Filter

It is simplified as a one-dimensional steady flow unit with 

main losses of local pressure drop ∆𝑃𝑃1 and drag loss along the 

way Δ𝑃𝑃2[10]. 

𝛥𝛥𝑃𝑃1 = 1
2
𝜀𝜀𝜀𝜀𝜀𝜀2   (1) 

𝛥𝛥𝑃𝑃2 = 1
2
𝜆𝜆𝜀𝜀 1

𝑑𝑑
𝜀𝜀2   (2) 

𝛥𝛥𝑃𝑃0 = 𝛥𝛥𝑃𝑃1 + 𝛥𝛥𝑃𝑃2   (3) 

Figure 3: Simulation model of air filter in Matlab/Simulink 

Where ∆𝑃𝑃1,∆𝑃𝑃2,𝜀𝜀, 𝑙𝑙,𝑑𝑑,𝑃𝑃0 are local pressure loss at the inlet, 

resistance loss along the way, air density, pipe length, pipe diam-

eter and compressor inlet pressure respectively. The loss coeffi-

cient 𝜀𝜀 is 0.5; The air viscous coefficient is taken as  𝜆𝜆 = 



Yihuai Huㆍ Meng Wangㆍ Cun Zengㆍ Jiawei Jiang 

Journal of Advanced Marine Engineering and Technology, Vol. 45, No. 4, 2021. 8      143 

0.00001983 pa ∙ s. Air flow rate is  𝜀𝜀 = 𝑚𝑚𝑐𝑐/（𝜀𝜀𝐴𝐴𝑟𝑟）, obtained 

from the compressor mass flow rate. Inlet equivalent area of 

compressor 𝐴𝐴𝑟𝑟  is 0.039. The air filter simulation model in 

Matlab/Simulink is shown in Figure 3. 

2) Compressor

According to a one-dimensional adiabatic compression model 

with a compressor characteristic curve, the outlet temperature of 

the compressor [11] 

𝑇𝑇cout = 𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐 �1 + �(𝜋𝜋𝑐𝑐)
𝐾𝐾−1
𝐾𝐾 − 1� 1

𝜂𝜂𝑐𝑐𝑐𝑐
�   (4) 

The obtained torque of the compressor is 

𝑀𝑀𝐶𝐶 = 30𝑚𝑚𝑐𝑐̇ 𝑘𝑘𝑘𝑘𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐[𝜋𝜋𝑐𝑐
𝑘𝑘−1
𝑘𝑘 − 1]/[𝜋𝜋𝜂𝜂𝑐𝑐𝑐𝑐𝑛𝑛𝑡𝑡𝑐𝑐(𝑘𝑘 − 1)]   (5) 

Figure 4: Simulation model of air compressor in Matlab/Sim-

ulink 

where 𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐  and 𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑡𝑡 are the inlet and outlet temperatures of 

the compressor, respectively.  𝑛𝑛𝑡𝑡𝑐𝑐  and 𝜋𝜋𝑐𝑐  are the supercharger 

speed and compressor pressure ratio respectively. Here, 𝜋𝜋𝑐𝑐 =

 𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐/𝑃𝑃0 , and 𝜂𝜂𝑐𝑐𝑐𝑐  and 𝑚𝑚𝑐𝑐̇  are the adiabatic efficiency and air 

flow rate of the compressor, respectively. The polytropic com-

pression index and gas constant 𝑘𝑘 and 𝑘𝑘 can be obtained with 

imported 𝑛𝑛𝑡𝑡𝑐𝑐 and 𝜋𝜋𝑐𝑐 . The simulation model of the compressor in 

the MATLAB/Simulink is shown in Figure 4. 

3) Intercooler

Owing to its high heat exchange efficiency, the thermal inertia 

of the intercooler can be generally ignored, and only the cooling 

effect and pressure loss are considered, which are treated as a 

throttle cooling and pressure dropping unit [12]. With the cooling 

coefficient 𝜀𝜀, the outlet temperature of the intercooler is 

𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑡𝑡 = 𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 𝜀𝜀(𝑇𝑇𝑤𝑤𝑐𝑐 − 𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)   (6) 

The pressure drop of the intercooler is related to the air flow 

rate, and the outlet air pressure of the intercooler can be ex-

pressed as [12] 

𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑡𝑡 = 𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 − 𝛥𝛥𝑃𝑃0(𝑚𝑚𝑐𝑐̇ /𝑚𝑚𝑐𝑐0)̇    (7) 

where,  𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ,𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑡𝑡 , and 𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐, 𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑡𝑡  are the air temperature 

and pressure at the intercooler inlet and outlet, respectively. 𝑇𝑇𝑤𝑤 

is the cooling water inlet temperature of the intercooler, 𝜀𝜀 is its 

cooling coefficient, and 𝑚𝑚𝑐𝑐0̇  is the rated air flow rate of the inter-

cooler. The initial air pressure loss of the intercooler 𝑃𝑃0 is 400 Pa 

[13]. The simulation model of the intercooler in MATLAB/Sim-

ulink is shown in Figure 5. 

Figure 5: Simulation model of inter-cooler in Matlab/Simulink 

4) Scavenging Tank

The scavenging tank is modeled using the volumetric method 

calculated by the energy, mass, and ideal gas law conservation 

equations. The air pressure in the scavenging tank is [14] 

𝑃𝑃𝚤𝚤�̇�𝚤 = 𝑘𝑘𝑘𝑘(𝑚𝑚𝑐𝑐̇ 𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑡𝑡 − 𝑚𝑚𝑑𝑑̇ 𝑇𝑇𝑐𝑐𝚤𝚤)/𝑉𝑉𝑐𝑐𝚤𝚤      (8) 

The outlet air temperature in the scavenging tank is obtained 

from the ideal gas law equation as 

𝑇𝑇𝑐𝑐𝚤𝚤 = 𝑃𝑃𝑐𝑐𝚤𝚤𝑉𝑉𝑐𝑐𝚤𝚤/𝑚𝑚𝑔𝑔𝑘𝑘𝑔𝑔   (9) 

where, 𝑃𝑃𝚤𝚤�̇�𝚤 and 𝑇𝑇𝑐𝑐𝚤𝚤 are the air pressure rate and temperature in 

the scavenging tank, respectively. Here, the scavenging tank vol-

ume 𝑉𝑉𝑐𝑐𝚤𝚤 of the MAN B&W 6S35ME-B9 diesel engine was cal-

culated to be 0.167 m3. 𝑚𝑚𝑑𝑑 is the intake airflow of the engine. 

The scavenging tank simulation model in MATLAB/Simulink is 

shown in Figure 6. 
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Figure 6: Simulation model of scavenging tank in Matlab/Sim-

ulink 

5) Chamber Combustion

The intake air flow of a diesel engine is obtained from the the-

oretical airflow of the engine with a filled cylinder 

𝑚𝑚𝑑𝑑̇ = 𝜂𝜂𝑣𝑣𝑃𝑃𝑐𝑐𝚤𝚤𝑉𝑉𝑑𝑑𝑛𝑛𝑒𝑒𝜙𝜙/60𝑘𝑘𝑇𝑇𝑐𝑐𝚤𝚤 (10) 

where 𝜂𝜂𝑣𝑣  is the charging efficiency of the engine, which is 

generally regarded as a single function of the running speed 𝑛𝑛𝑒𝑒of 

the diesel engine. Here, 𝜂𝜂𝑣𝑣 = 𝑎𝑎2 ∗ 𝑛𝑛𝑒𝑒2 + 𝑎𝑎1 ∗ 𝑛𝑛𝑒𝑒 + 𝑎𝑎0,here 𝑎𝑎2 =

−5.363 ∗ 10−7,𝑎𝑎1 = 2.04 ∗ 10−3,𝑎𝑎0 = 0.576107. 

The exhaust gas temperature in the exhaust branch is ex-

pressed as 

𝑇𝑇𝑒𝑒 = 𝑇𝑇𝑐𝑐𝚤𝚤 + 𝐾𝐾/(1 + 𝐿𝐿0𝛼𝛼)  (11) 

where, 𝐾𝐾 and 𝛼𝛼 are the increase factors of the exhaust gas tem-

perature and excess air coefficient, respectively. The required air 

per fuel 𝐿𝐿0 𝑖𝑖𝑖𝑖 14.3. The exhaust gas temperature rise factor 𝐾𝐾 is 

a function of the air-fuel ratio [13], which is interpolated with the 

excess air coefficient. In MATLAB/Simulink, the simulation 

model of the exhaust branch temperature of the diesel engine is 

shown in Figure 7. 

Output torque of diesel engine 

𝑇𝑇𝑐𝑐 = 30𝑃𝑃𝑖𝑖
𝜋𝜋𝑐𝑐𝑒𝑒

= 30𝜂𝜂𝑖𝑖𝐻𝐻𝑢𝑢𝚤𝚤𝑓𝑓̇
𝜋𝜋𝑐𝑐𝑒𝑒

          (12) 

Its fuel oil consumption 

𝑔𝑔𝑐𝑐 = 3600𝚤𝚤𝑓𝑓̇
𝑃𝑃𝑒𝑒

= 3600
𝜂𝜂𝑖𝑖𝐻𝐻𝑢𝑢𝚤𝚤𝑓𝑓̇

   (13) 

Where 𝑚𝑚𝑓𝑓,𝑇𝑇𝑐𝑐,𝑇𝑇𝑒𝑒,𝑔𝑔𝑐𝑐  are the fuel injection quantity per cylinder, 

output torque, exhaust gas temperature and fuel oil consumption 

rate of the diesel engine respectively. The lower fuel heat value 

𝐻𝐻𝑐𝑐 is 42700 kJ/(kg
K

).The evacuation volume per cylinder 𝑉𝑉𝑑𝑑  is 

0.87 m3. 𝜂𝜂𝑐𝑐  is the indicated working efficiency of engine. The 

combustion dynamics and thermodynamic simulation model of 

combustion in the cylinder in Matlab/Simulink is shown in Fig-

ure 8. 

Figure 7: Simulation model of exhaust branch in Matlab/Sim-

ulink 

Figure 8: Thermodynamic simulation model of combustion in 

Matlab/Simulink 

6) Exhaust Manifold

The exhaust gas in the manifold is also modeled with the "Vol-

umetric method" and exhaust gas pressure 

𝑃𝑃𝑒𝑒�̇�𝚤 = 𝑘𝑘𝑒𝑒𝑘𝑘𝑒𝑒(𝑚𝑚𝑐𝑐𝑐𝑐𝑡𝑡̇ 𝑇𝑇𝑒𝑒 − 𝑚𝑚𝑡𝑡̇ 𝑇𝑇𝑒𝑒𝚤𝚤)/𝑉𝑉𝑒𝑒𝚤𝚤                                            (14) 

The gas temperature in the exhaust manifold is obtained from 

the ideal gas equation law 

𝑇𝑇𝑒𝑒𝚤𝚤 = 𝑃𝑃𝑒𝑒𝚤𝚤𝑉𝑉𝑒𝑒𝚤𝚤/𝑚𝑚𝑒𝑒𝚤𝚤𝑘𝑘𝑒𝑒 (15) 
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where 𝑃𝑃𝑒𝑒�̇�𝚤 and 𝑇𝑇𝑒𝑒𝚤𝚤 are the gas pressure rate and temperature in 

the exhaust manifold, respectively. Here, the mixed gases in the 

exhaust manifold 𝑚𝑚𝑐𝑐𝑐𝑐𝑡𝑡 are 𝑚𝑚𝑑𝑑 + 𝑚𝑚𝑓𝑓, and the exhaust pipe vol-

ume 𝑉𝑉𝑒𝑒𝚤𝚤 is 0.3 m3. The exhaust manifold simulation model in 

MATLAB/Simulink is shown in Figure 9. 

Figure 9: Simulation model of exhaust manifold in Matlab/Sim-

ulink 

7) Gas Turbine

The turbine efficiency is fitted by the embedded RBF function 

in MATLAB by adopting the s-function from the turbine charac-

teristic curve [14]. 

𝑛𝑛𝑡𝑡𝑐𝑐′ = 𝑐𝑐𝑡𝑡𝑐𝑐
�𝑇𝑇𝑒𝑒𝑒𝑒

(16) 

The turbine outlet temperature is 

𝑇𝑇𝑡𝑡𝑐𝑐𝑐𝑐𝑡𝑡 = 𝑇𝑇𝑒𝑒𝚤𝚤[1 − 𝜂𝜂𝑡𝑡𝑐𝑐(1 − 𝜋𝜋𝑡𝑡
1−𝑘𝑘𝑡𝑡
𝑘𝑘𝑡𝑡 )] (17) 

The turbine output torque is 

𝑀𝑀𝑡𝑡 = 30𝑚𝑚𝑡𝑡̇ 𝜂𝜂𝑡𝑡𝑐𝑐𝑘𝑘𝑡𝑡𝑘𝑘𝑇𝑇𝑒𝑒𝚤𝚤(1 − 𝜋𝜋𝑡𝑡
1−𝑘𝑘𝑡𝑡
𝑘𝑘𝑡𝑡 )/𝜋𝜋𝑛𝑛𝑡𝑡𝑐𝑐(𝑘𝑘𝑡𝑡 − 1) (18) 

The turbine is equivalent to a throttle nozzle for a simplified 

calculation. The gas flow, 𝑚𝑚𝑡𝑡̇ , is obtained as a one-dimensional 

isentropic expansion process: 

𝑚𝑚𝑡𝑡̇ = 𝜇𝜇𝑇𝑇𝐹𝐹𝑟𝑟𝑒𝑒𝑐𝑐𝜓𝜓𝑃𝑃𝑒𝑒𝚤𝚤/�𝑘𝑘𝑇𝑇𝑇𝑇𝑒𝑒𝚤𝚤 (19) 

When 𝜋𝜋𝑡𝑡 < �𝑘𝑘𝑡𝑡+1
2
�

𝑘𝑘𝑡𝑡
𝑘𝑘𝑡𝑡−1： 

ψ = � 2kt
kt−1

�πt
�− 2

kt
� − πt

�−1+ktkt �� (20) 

When 𝜋𝜋𝑡𝑡 ≥ �𝑘𝑘𝑡𝑡+1
2
�

𝑘𝑘𝑡𝑡
𝑘𝑘𝑡𝑡−1： 

 𝜓𝜓 = � 2
𝑘𝑘𝑡𝑡+1

�
𝑘𝑘𝑡𝑡

𝑘𝑘𝑡𝑡+1 � 2𝑘𝑘𝑡𝑡
𝑘𝑘𝑡𝑡+1

(21) 

where, 𝑇𝑇𝑡𝑡𝑐𝑐𝑐𝑐𝑡𝑡, 𝑀𝑀𝑡𝑡, 𝑚𝑚𝑡𝑡, 𝜂𝜂𝑡𝑡𝑐𝑐, and 𝐹𝐹𝑟𝑟𝑒𝑒𝑐𝑐 (A0 in the following fig-

ure) are the gas outlet temperature, turbine output torque, gas 

flow, turbine efficiency, and gas flow area, respectively. The tur-

bine expansion ratio 𝜋𝜋𝑡𝑡 was 𝑃𝑃𝑒𝑒𝚤𝚤/𝑃𝑃𝑏𝑏. 𝜓𝜓,𝜇𝜇𝑇𝑇 are the flow function 

and flow coefficient, respectively, where 𝐹𝐹𝑟𝑟𝑒𝑒𝑐𝑐 is 0.039 and 𝜇𝜇𝑇𝑇 is 

0.7. The turbine simulation model in MATLAB/Simulink is 

shown in Figure 10. 

Figure 10: Simulation model of turbine in Matlab/Simulink 

Figure 11: Simulation model of rotor in Matlab/Simulink 

The turbocharger rotating speed can be obtained from the 

D'Alembert's principle as 

𝑛𝑛𝑡𝑡𝑐𝑐̇ = 30(𝜂𝜂𝚤𝚤𝑀𝑀𝑇𝑇 −𝑀𝑀𝑐𝑐)/𝜋𝜋𝜋𝜋𝑡𝑡𝑐𝑐 (22) 
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where, 𝜂𝜂𝚤𝚤  and 𝜋𝜋𝑡𝑡𝑐𝑐  are the turbocharger mechanical working 

efficiency and turbocharger rotating inertia, respectively, 

where  𝜂𝜂𝚤𝚤 is 0.89 and 𝜋𝜋𝑡𝑡𝑐𝑐  is 16. The turbine rotor simulation 

model in MATLAB/Simulink is shown in Figure 11. 

Table 1: Comparison between experimental and simulated results 

Thermodynamic 
Parameters Data Type 

Engine Load  
25% 50% 75% 90% 

Engine Speed 
𝑛𝑛𝑒𝑒(r/min) Measured 89 114 129 140 

Injected Fuel 
Quantity 𝑚𝑚𝑓𝑓(g) Measured 6.11 8.49 10.28

5 12.58 

Turbocharger 
Speed 𝑛𝑛𝑡𝑡𝑐𝑐(r/min) 

Measured 9679 14961 18300 19135 
Calculation 9985 14890 18030 19370 

Turbine Outlet 
Gas Temperature 

𝑇𝑇𝑡𝑡𝑐𝑐𝑐𝑐𝑡𝑡(K) 

Measured 540.7 541.1 523.6 542.0 

Calculation 563.2 532.0 490.8 536.4 
TurbineIinlet Gas 

Temperature 
𝑇𝑇𝑒𝑒𝚤𝚤(K) 

Measured 590.7 636.4 649.0 685.3 

Calculation 602.7 612.1 619.3 700.6 

Exhaust Gas Tem-
perature 𝑇𝑇𝑒𝑒(K) 

Measured 592.0
3 

635.4
7 

601.1
3 675.9 

Calculation 581.2 624.2 604.0 671.4 

Compressor Inlet 
air Temperature 

𝑇𝑇𝑐𝑐𝚤𝚤(K) 

Measured 313.4
6 

315.5
3 

317.7
4 

320.8
2 

Calculation 315.9 319.1 323.2 325.8 

Compressor air 
Outlet Tempera-

ture 𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑡𝑡(K) 

Measured 339.3
25 

399.9
1 

447.5
6 

469.5
6 

Calculation 342.8 396.2 443.8 474.5 

Scavenging Air 
Pressure 𝑃𝑃𝑐𝑐𝚤𝚤(kpa) 

Measured 144 211 270 300 
Calculation 153.2 229.4 305.2 340.3 

Fuel Consumption 
Rate 𝑔𝑔i(kg/kw∙h) 

Measured 218.6 221.3 199.1 192.4 
Calculation 209.9 207.4 196.1 194.8 

2.2 Simulation Results 
Thermodynamic parameters such as the running speed, power, 

and intake air temperature of the diesel engine were recorded in 

an engine laboratory at 25%, 50%, 75%, and 90% engine 

operation conditions. A comparison between the experimental 

and simulated results is presented in Table 1. 

It is verified that the errors of most measured and calculated 

parameters are within 5%, except for a few parameters. These 

results indicate that the simulation models of the diesel engine 

turbocharging and gas-exchange system in MATLAB/Simulink 

are feasible, and the thermodynamic parameters from the diesel 

engine simulation calculation, such as the temperature, pressure, 

speed, and fuel consumption rate, can reflect the condition of the 

engine under different operating conditions. 

3. Simulation and Analysis of Performance

Failures 
3.1 Performance Failure Simulation 

Based on the diesel engine simulation model mentioned above, 

some performance failures of the super-charging and gas-ex-

change system were simulated by changing the model parameters 

to reveal the variation rules of each thermal parameter under dif-

ferent failure conditions. Additionally, the variation in the bound-

ary conditions of a diesel engine also affect its operating perfor-

mance and thermal parameters, such as the compressor intake air 

temperature and intercooler cooling water inlet temperature. For 

ease of representation, these are collectively referred to as perfor-

mance failures; the performance failures for some failure states and 

the setting of the model parameters are listed in Table 2. 

In addition to the conventional thermodynamic parameters, 

some combined parameters are proposed here to indicate the per-

formance failure of diesel engine, including the compressor 

Table 2: Performance failures and modeling parameters 

Performance 
Failure 

Modelling Pa-
rameter Normal Status Failure 

Status 1 
Failure 
Status 2 

Failure 
Status 3 

Failure 
Status 4 

Failure 
Status 5 

Too High Engine 
Room Tempera-

ture 

Ambient Temper-
ature 
𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐(K) 

286 300 315 329 343 357 

Intake Filter 
Blockage Aspect Ratio l/d 3 300 600 900 1200 1500 

Intercooler Foul-
ing at Water Side 

Cooling Coeffi-
cient of Inter-

cooler 𝜀𝜀 
0.89 0.85 0.80 0.75 0.70 0.65 

Too High Inter-
cooler Cooling 

Water Tempera-
ture 

Cooling Water 
Temperature 

𝑇𝑇𝑊𝑊(K) 
300 315 330 345 360 375 

Scavenging Port 
Fouling 

Intake Air Flow 
Coefficient 𝑢𝑢𝑆𝑆 0.40 0.38 0.36 0.34 0.32 0.30 

Clogged Turbine 
Nozzle 

Turbine nozzle 
Flow Coeffi-

cient 𝑢𝑢𝑇𝑇 
0.70 0.67 0.63 0.61 0.58 0.55 

Worn Turbo-
charger Bearing 

Working Effi-
ciency of Turbo-

charger  𝜂𝜂𝚤𝚤 
0.89 0.85 0.80 0.75 0.70 0.65 

Turbine Exhaust 
Passage Fouling 

Turbine Back 
Pressure 𝑃𝑃𝑏𝑏(Pa) 111400 116970 122540 128110 133680 139250 
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coefficient Nc1, turbine coefficient Nt1, compressor coefficient 

Nc2, turbine coefficient Nt2, intercooler cooling coefficient Nc, in-

tercooler flow coefficient Ncf, and turbine flow coefficient Ntf. 

𝑁𝑁𝑁𝑁1 = (𝑇𝑇𝑐𝑐𝑐𝑐𝑢𝑢𝑡𝑡−𝑇𝑇𝑐𝑐𝑖𝑖𝑐𝑐)𝑃𝑃𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐
𝑐𝑐𝑡𝑡𝑐𝑐

 (23) 

𝑁𝑁𝑁𝑁1 = 𝑐𝑐𝑡𝑡𝑐𝑐
(𝑇𝑇𝑒𝑒𝑒𝑒−𝑇𝑇𝑡𝑡𝑐𝑐𝑢𝑢𝑡𝑡)𝑃𝑃𝑒𝑒𝑒𝑒

 (24) 

𝑁𝑁𝑁𝑁2 = 𝑃𝑃𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐
𝑐𝑐𝑡𝑡𝑐𝑐

 (25) 

𝑁𝑁𝑁𝑁2 = 𝑐𝑐𝑡𝑡𝑐𝑐
𝑇𝑇𝑒𝑒𝑒𝑒

  (26) 

𝑁𝑁𝑐𝑐 = (𝑇𝑇𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐−𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑢𝑢𝑡𝑡)
(𝑇𝑇𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐−𝑇𝑇𝑤𝑤𝑖𝑖𝑐𝑐)  (27) 

 𝑁𝑁𝑐𝑐𝑓𝑓 = 𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 − 𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑡𝑡  (28) 

  𝑁𝑁𝑡𝑡𝑓𝑓 = 𝑃𝑃𝑒𝑒𝚤𝚤 − 𝑃𝑃𝑏𝑏   (29) 

These thermodynamic parameters are represented in terms of 

the relative deviation under different running conditions and 

performance failures [15]. 

 𝜀𝜀 = 𝑥𝑥−𝑥𝑥0
𝑥𝑥0

  (30) 

where 𝑥𝑥 and 𝑥𝑥0 are the thermodynamic parameters of the die-

sel engine model under failure and normal conditions, respec-

tively. 

3.2 Performance Failures Analysis 
The simulated results of turbocharging and gas-exchanging 

systems under different running conditions and various  

performance failures were analyzed using 18 thermodynamic 

parameters, as shown in the following figures. The 18 calculated 

thermodynamic parameters are represented by different numbers, 

as listed in Table 3. 

Table 3: Thermodynamic parameters represented with numbers 

Number Parame-
ter Parameter Description 

1 Tcout Outlet Air Temperature of Compressor 
2 Tclout Intercooler Outlet Air Temperature 
3 Tim Scavenger Air Temperature 
4 Te Exhaust Gas Temperature 
5 Tem Exhaust Gas Temperature in Manifold 
6 Ttout Turbine Outlet Gas Temperature 
7 Pclin Intercooler Inlet Air Pressure 

8 Pim Intercooler Outlet Air Pressure 
9 Pem Exhaust Gas Pressure in Manifold 

10 ntc Turbocharger Rotating Speed 
11 ge Engine Fuel Oil Consumption Rate 
12 Nc1 Compressor Coefficient 
13 Nt1 Turbine Coefficient 
14 Nc2 Compressor Coefficient 
15 Nt2 Turbine Coefficient 
16 Nc Intercooler Cooling Coefficient 
17 Ncf Intercooler Flow Coefficient 
18 Ntf Turbine Flow Coefficient 

1) Extremely High Inlet Air Temperature

Owing to the different shipping routes, the influence of the en-

gine room temperature cannot be ignored, and the engine inlet air 

temperature could be different. The relative deviations of the 

thermodynamic parameters under different running speeds and 

engine room temperatures are shown in Figure 12. It can be ob-

served that when the engine room temperature rises, the decrease 

in inlet air density worsens the chamber combustion inside the 

cylinder. The exhaust air temperature Te, exhaust gas tempera-

ture in manifold Tem, and turbine outlet gas temperature Ttout of 

the diesel engine increase significantly, whereas the intercooler 

inlet air pressure Pclin, air pressure in the scavenging tank Pim, and 

exhaust air pressure in the manifold Pem decrease. The most ob-

vious change was the rise in the compressor outlet air tempera-

ture Tcout. With respect to the combined parameters, the turbine 

coefficient Nt1 increases the most obviously, whereas the com-

pressor coefficient Nc1, compressor coefficient Nc2, turbine co-

efficient Nt2, intercooler flow coefficient Ncf, and turbine flow 

coefficient Ntf all decrease to varying degrees. 

Thermodynamic Parameters 

(a) The speed is 129 r/min and engine room temperature of 400 K  

(b) The speed is 116 r/min and engine room temperature of 315 K 

Figure 12: Relative deviation under different engine room tem-

peratures and running speeds 
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Comparing Figure 12 (a) and Figure 12 (b), it can be ob-

served that the variations in the various parameters under differ-

ent running conditions are quite similar. This indicates that the 

performance failure behavior of characteristic parameters in 

terms of the relative deviation is quite clear and immovable, even 

under different running conditions of the diesel engine, which is 

greatly convenient for failure diagnosis. 

2) Intake Air Room Filter Blockage

The pressure drop due to resistance along the way of the filter 

mesh was simulated by changing the length diameter ratio of the 

filter (l/d) in Equation (2) to simulate the blockage of the air fil-

ter in the diesel engine.  

Thermodynamic Parameters 

(a) l/d is 1500 and the speed is 129 r/min 

(b) l/d is 300 and the speed is 116 r/min 

Figure 13: Relative deviation under different air filter l/d and 

running speeds 

Figure 13 shows the relative deviation of the characteristic pa-

rameters of the diesel engine when l/d is 1500 and 300 at different 

running speeds. It can be observed that when the air filter is 

blocked, the inlet air pressure of the intercooler Pclin, outlet air 

pressure of the intercooler Pclout, and exhaust gas pressure in man-

ifold Pem decrease, whereas the exhaust gas temperature Te, ex-

haust gas temperature in the manifold Tem, and turbine outlet gas 

temperature Ttout of the diesel engine increase, and the outlet air 

temperature of the compressor Tcout, intercooler outlet air tem-

perature Tclout, and scavenger air temperature Tim do not change 

significantly. Additionally, the compressor coefficient Nc2, tur-

bine coefficient Nt2, intercooler flow coefficient Ncf, and turbine 

flow coefficient Ntf decrease significantly. It was found that 

when the air filter is blocked, the most affected characteristic pa-

rameter is the inlet pressure of the compressor, resulting in insuf-

ficient air into the compressor and poor combustion inside the 

cylinder; thus, the exhaust gas temperature increases in the ex-

haust manifold. 

3) Intercooler Fouling at Water Side

The fouling in the intercooler water passage also has a direct 

impact on the intake air of diesel engines.  

Thermodynamic Parameters 

(a) The speed is 137 r/min and the cooling coefficient is 0.69 

(b) The speed is 140 r/min and the cooling coefficient is 0.65 

Figure 14: Relative deviation under different intercooler cooling 

coefficients and running speeds 

As shown in Figure 14, owing to the fouling on the water side 

of the intercooler, the cooling coefficient decreases, and it is dif-

ficult for air to exchange heat with the cooling water. The inter-

cooler outlet air temperature Tclout, scavenging air temperature 

Tim, exhaust gas temperature Te, exhaust gas temperature in man-

ifold Tem, turbine outlet gas temperature Ttout, intercooler inlet air 

pressure Pclin, and air pressure in scavenging tank Pim all increase 

significantly. The compressor coefficient Nc1 and compressor co-

efficient Nc2 increase significantly, whereas the turbine coeffi-

cients Nt1, Nt2, and Nc decrease. The turbocharger speed increases 

slightly, which is similar to that of the extremely high intercooler 

cooling water temperature described below. Here, the intercooler 

cooling coefficient Nc decreases significantly, whereas it remains 

unchanged under other failures. Therefore, the intercooler cool-

ing coefficient Nt could be used as a unique characteristic param-

eter for the intercooler water fouling failure at both the air and 

water sides. 
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4) Extremely High Intercooler Cooling Water Temperature

The intercooler has a direct impact on the intake air tempera-

ture of the diesel engine, especially on the intake air temperature 

of the cylinder. When the intercooler inlet cooling water temper-

ature increases, the intake air flow slightly decreases, leading to 

an increase in the compressor outlet air temperature Tcout, inter-

cooler outlet air temperature Tcout, scavenging air temperature Tim, 

exhaust gas temperature Te, exhaust gas temperature in manifold 

Tem, turbine outlet gas temperature Ttout, intercooler inlet air pres-

sure Pclin, and scavenging air pressure Pim. The compressor coef-

ficient Nc1 and compressor coefficient Nc2 increase significantly, 

whereas the turbine coefficient Nt1, turbine coefficient Nt2, and 

intercooler flow coefficient Ncf decrease, and the turbocharger 

rotating speed increases slightly, as shown in Figure 15. 

Thermodynamic Parameters

(a) The speed is 129 r/min and the inlet temperature of the cool-

ing water is 300 K 

(b) The speed is 114 r/min and the inlet temperature of cooling 

water is 315 K 

Figure 15: Relative deviation under different intercooler cooling 

water temperatures and running speeds 

5) Scavenging Port Fouling

With the blockage of the scavenging port, the intake air flow 

into the cylinder decreases significantly, which worsens the fuel 

combustion inside the cylinder. The exhaust gas temperature Te, 

exhaust gas temperature in the manifold Tem, and turbine outlet 

gas temperature Ttout increase significantly, whereas the inter-

cooler inlet air pressure Pclin, scavenging air pressure Pim, and ex-

haust gas pressure in the manifold Pem decrease. The most obvi-

ous increase is the compressor outlet air temperature Tcout, as 

shown in Figure 16. The turbine coefficient Nt1 increases most 

obviously, whereas the compressor coefficients Nc1, Nc2, Nt2, Ncf, 

and Ntf all decrease to varying degrees. The characteristic behav-

ior is similar to that of air filter fouling, turbocharger bearing 

wear, and high inlet air temperature. 

Thermodynamic Parameters

(a) The speed is 119 r/min and discharge coefficient is 0.36 

(b) The speed is 126 r/min and discharge coefficient is 0.28 

Figure 16: Relative deviation under different scavenging port 

flowing coefficients and running speeds 

6) Turbine Nozzle Blockage

Blocked turbine nozzles can block gas flow into the turbine, 

which significantly increases the exhaust gas pressure in the 

manifold Pem, whereas the exhaust temperature Te of the diesel 

engine, exhaust manifold temperature Tem, and turbine outlet 

temperature Ttout slightly decrease. When the turbine nozzle is 

blocked, its most direct influence is on the exhaust gas pressure 

in the manifold Pem and turbine flow coefficient Ntf, which could 

be used as two characteristic parameters for turbine nozzle block-

age failure, as shown in Figure 17. 

7) Worn Turbocharger Bearing

When the turbine rotor is mechanically worn out, its compres-

sor air compression capacity and compressor air flow decrease, 

which cause an increase in the exhaust temperature Te, exhaust 

gas temperature in manifold Tem, and turbine outlet gas tempera-

ture Ttout, whereas the inlet air pressure Pclin, scavenging air pres-

sure Pim, exhaust gas pressure in the manifold Pem, and turbo-

charger rotating speed ntc decrease significantly, similar to the 

case in the turbine outlet passage fouling failure, as shown in Fig-

ure 18 and 19. 
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Thermodynamic Parameters

(a) The speed is 132 r/min and flow coefficient is 0.35 

(b) The speed is 110 r/min and flow coefficient is 0.35 

Figure 17: Relative deviation under different nozzle flowing co-

efficients and running speeds 

Thermodynamic Parameters

(a) The speed is 129 r/min and mechanical efficiency is 0.445 

(b) The speed is 118 r/min and mechanical efficiency is 0.668 

Figure 18: Relative deviation under different turbocharger me-

chanical efficiencies and running speeds 

8) Turbine Outlet Passage Fouling

The turbine outlet passage fouling was simulated by increasing 

the back pressure during simulation. As shown in Figure 19, a 

higher back pressure of the turbine causes an increase in the ex-

haust gas temperature Te, exhaust gas temperature in manifold 

Tem, and turbine outlet gas temperature Ttout. The most direct im-

pact is the decrease in the turbine working capacity, which re-

duces the turbocharger speed ntc, intercooler inlet air pressure 

Pclin, intercooler outlet air pressure Pclout, scavenging air pressure 

Pim, and exhaust gas pressure in manifold Pem. With respect to the 

combined parameters, the increase in the turbine coefficient Nt1 

is the most obvious, whereas the compressor coefficient Nc1, 

compressor coefficient Nc2, turbine coefficient Nt2, intercooler 

flow coefficient Ncf, and turbine flow coefficient Ntf all decrease 

to some extent. 

Thermodynamic Parameters 
(a) The speed is 129 r/min and the exhaust back pressure is 

155960 pa 

(b) The speed is 135 r/min and the exhaust back pressure is 

155960 pa 

Figure 19: Relative deviation under different turbine exhaust 

back pressures and running speeds 

In conclusion, the characteristic parameters of extremely high 

inlet air temperature, intake air filter blockage, scavenging port 

fouling, worn turbocharger bearing, and turbine outlet passage 

fouling exhibit similar behavior even under different operating 

conditions of the diesel engine. However, when the engine room 

temperature is extremely high, the compressor outlet temperature 

Tcout increases significantly but decreases to a certain extent in 

the other failures, which provides a distinguishing parameter 

from other failures. The engine room temperature can be meas-

ured directly, the blocked air filter can be monitored with the dif-

ferential pressure of the intake air filter, and the turbine back 

pressure can also be measured directly at the turbine outlet. Ad-

ditionally, the worn turbocharger bearing can be judged from its 

vibration and scavenging port fouling can be detected by the 

pressure difference between the intercooler outlet air and scav-

enging air; thus, these different failures can be identified. The 

characteristic parameter behavior of the extremely high inter-

cooler cooling water temperature is considerably similar to that 

of intercooler fouling at the water side, but the fouled intercooler 

can be determined directly by the intercooler cooling coefficient 

Nc, and the cooling water temperature in the intercooler can be 
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measured directly. These two failures were the most easily dis-

tinguished. The most obvious characteristic of the turbine nozzle 

blockage is the obvious increase in the exhaust gas pressure in 

manifold Pem and turbine flow coefficient Ntf, which is not 

found in the other failures. In other words, the performance fail-

ure diagnosis of diesel engine turbocharging and gas-exchanging 

systems can be eventually realized with some other parameters 

and information. 

4. Normalization of Parameters
In fact, extremely high inlet air temperatures and intercooler 

cooling water temperatures are not engine performance failures, 

but are different working boundary conditions, which change the 

thermodynamic parameters of the engine. Therefore, before per-

formance failure diagnosis, the normalization of the engine 

boundary conditions should first be carried out to eliminate the 

influence of the different conditions. Figures 20 and 21 show 

the changing trends of the 18 characteristic parameters when the 

engine room temperature increases from 286 K to 400 K and the 

intercooler cooling water temperature increases from 315 K to 

420 K at engine speeds of 129 r/min and 75% load, respectively. 

Figure 20: Relative deviations under different engine room tem-

peratures 

The same method can also be used to eliminate the influence 

of the intercooler cooling water temperature. 

Figure 21: Relative deviations under different intercooler cool-

ing water temperatures 

It can be observed that the relative deviations of these param-

eters change linearly with the change in the engine room temper-

ature and intercooler cooling water temperature. If the 286 K en-

gine room temperature and 300 K intercooler cooling water tem-

perature are set as the reference boundary conditions, the ther-

modynamic parameters under different conditions are normal-

ized to the reference condition according to the actual engine 

room temperature and intercooler cooling water temperature. 

The relative deviation analysis and failure diagnosis of the char-

acteristic parameters can be carried out. The specific method uses 

the Newton interpolation formula to calculate the relative devia-

tion value ε at the actual temperature of a certain engine compart-

ment at z°K. According to Equation (32), the thermal parameter 

𝑥𝑥 is calculated after normalizing to the reference running condi-

tion 𝑥𝑥′. 

Assuming the actual engine room temperature is z°K, the rel-

ative deviation 𝜀𝜀 of a thermodynamic parameter 𝑥𝑥 could be nor-

malized between 286 K and 400 K using the Newton interpola-

tion method. 

𝜀𝜀′ = (𝑧𝑧 − 286) 𝜀𝜀
114

(31) 

Normalized thermodynamic parameter 
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 𝑥𝑥′ = 𝑥𝑥
1+𝜀𝜀′

(32) 

Subsequently, the normalized parameter 𝑥𝑥′ can be compared 

to the parameter under the engine normal condition 𝑥𝑥0 to obtain 

the relative deviation necessary for failure diagnosis. 

Although the characteristic parameters have similar behaviors 

under different running conditions for these failures, the devia-

tion amplitudes are quite different, as shown in Figures 12-19. 

Therefore, before the performance failure diagnosis, it is neces-

sary to normalize the relative deviation to eliminate the influence 

of different running conditions before failure diagnosis. All the 

18 relative deviations under different running conditions will be 

unified to a 1.0 maximum scale. Suppose the maximum relative 

deviation among the 18 relative deviation values is 𝜀𝜀1, which is 

normalized to 1.0- or -1.0, and the other relative deviation 𝜀𝜀0 is 

normalized as 𝜀𝜀: 

𝜀𝜀 = 𝜀𝜀0
1.0
𝜀𝜀1

 (33) 

Taking the intake air filter blockage as an example, as shown 

in Figure13, the relative deviations under the two running con-

ditions are quite different and cannot be used directly for failure 

diagnosis. After normalization, the two sets of parameters have 

nearly the same scale and are comparable. In this way, the per-

formance failures could be identified under any engine running 

condition with different failure severities. The severity of the fail-

ure can be directly determined using the relative deviation scale 

before normalization. 

Thermodynamic Parameters

(a) The speed is 129 r/min and l/d is 1500 

(b) The speed is 116 r/min and l/d is 300 

Figure 22: Normalized relative deviations under different air fil-

ters l/d and running speeds 

5. Conclusion
The proposed average thermodynamic simulation model for 

diesel engine turbocharging and gas-changing systems is availa-

ble in MATLAB/Simulink. By changing the boundary conditions 

and relevant model parameters, performance failures including 

extremely high engine room temperature, intake filter blockage, 

intercooler fouling at the water side, extremely high intercooler 

cooling water temperature, scavenging port fouling, clogged tur-

bine nozzle, worn turbocharger bearing, and turbine exhaust pas-

sage fouling can be simulated. The relative deviations of the ther-

modynamic parameters under different boundary conditions and 

different failures are analyzed, demonstrating the inherent rela-

tionship between the thermodynamic parameters and perfor-

mance failures and could be mostly free of engine running con-

ditions. By normalizing the parameters, the influence of different 

boundary conditions and running conditions could be eliminated, 

and the performance failure diagnosis of the diesel engine under 

different running conditions could be realized in practice. Further 

research will be carried out to verify the feasibility of this method 

in the application of the failure detection of diesel engines on 

board ships. 
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