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ABSTRACT 
 

Name  : Stephanus Christo P. 

NRP  : 4212101031 

Department : Marine Engineering 

Supervisors : Prof. Dr-Ing. Karsten Wehner 

  Dr-Ing. Wolfgang Busse 

 

Energy efficiency of thermal engines is a relationship between 

the total energy contained in the fuel and the amount of energy 

that converted to perform a useful work. It is concerned with 

the transformation of energy from fuels into conveniently used 

forms such as rotational energy, electrical energy, heating, and 

cooling. To gain a high efficiency there must be a higher energy 

converted into a useful work and the energy lost must be 

decreased. Therefore, the energy balance was made to analyze 

the distribution of energy inside the engine 

 

The distribution of energy from fuel mainly flows to the exhaust 

gas, cooling system, lubricating oil system, and the most 

important to the engine crankshaft. Other than that, there are 

parts energy from fuel that can’t be converted into useful work 

due to the formation of several substances by chemical reaction 

and incomplete combustion, which is called chemical losses. 

Incomplete combustion occurs when there is insufficient 

oxygen to allow a hydrocarbon fuel source to react completely 

with oxygen to produce carbon dioxide and water. And it would 

produce the unburned fuel material and CO gases. Incomplete 

combustion would decrease the thermal efficiency of the diesel 

engine. And chemical losses could be an indicator whether one 

engine is under good performance or not. Other than losses 

already mentioned above, there is also energy lost due to the 

formation of NOx. It means there is part of the energy from fuel 



 

 

xii 

 

that converted into heat and produces NOx.  Thus, it is 

important to make an energy balance and analyze how big the 

energy which can be converted into useful work. 

The project’s approach involved laboratory diesel engine 

testing and analysis of combustion products inside exhaust gas. 

The distribution of energy from fuel was measured and 

calculated to determine the energy balance of diesel engine. 

And the primary output from this bachelor thesis was detailed 

energy audit across a variation of engine speed-load conditions. 

Keywords: Diesel Engine, Energy Balance, Thermal losses, 

Chemical Losses, Energy Audit 
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ABSTRAK 
 

Nama  : Stephanus Christo P. 

NRP  : 4212101031 

Jurusan : Marine Engineering 

Pembimbing : Prof. Dr-Ing. Karsten Wehner 

  Dr-Ing. Wolfgang Busse 

 

Energi effisiensi dari suatu mesin termal merupakan hubungan 

antara energi total yang terakndung di dalam bahan bakar 

berbanding dengan energi yang dikonversi menjadi useful 

work. Untuk menghasilkan efisiensi yang tinggi dibutuhkan 

lebih besar energi yang terkonversi menjadi useful work. Maka, 

energy balance dibutuhkan untuk menganalisa distribusi energi 

pada suatu mesin. 

 

Distribusi energi dari bahan bakar, secara umum, terkonversi ke 

sistem gas buang, sistem pendingin, sistem pelumasan, dan 

yang paling utama adalah useful work. Selain itu, terdapat 

energi yang tidak dapat dikonversikan menjadi usefulwork 

yang disebabkan karena pembakaran yang tidak sempurna dan 

juga pembentukan beberapa partikel oleh reaksi kimia. Hal ini 

disebut chemical losses. Pembakaran yang tidak sempurna 

umumnya terjadi saat tidak terdapat oxygen yang cukup untuk 

melaksanakan proses oksidasi dari partikel karbon. Dan proses 

ini akan menghasilkan unburned material dan juga gas CO. 

Pembakaran yang tidak sempurna akan mengurangi efisiensi 

thermal dari suatu mesin. Dan chemical losses dan menjadi 

suatu indikator apakah suatu mesin berada dalam kondisi prima 

atau tidak. 

 

Laporan ini melibatkan engine test di dalam laboratorium dan 

analisa produk pembakaran di dalam gas buang. Distribusi 



 

 

xiv 

 

energi dari bahan bakar akan diukur dan dianalisa pada 

beberapa daya mesin untuk menentukan energy balance yang 

paling optimal. Dan output utama dari laporan ini adalah detil 

audit energi pada beberapa daya dan putaran mesin. 

 

Kata Kunci: Mesin Diesel, Energy Balance, Audit Energi, 

Chemical losses, Efsiensi Mesin. 
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PREFACE 
 

When I was a freshman in university, there was a proverb that 

said: 

“Theory is when you know everything but nothing works.  

Practice is everything works but no one knows why.  

In our laboratory, theory and practice are combined and the 

results is: Nothing works and nobody knows why” 

 

And Luckily for me, I ended up to work in a laboratory to 

develop my bachelor thesis. As a student, I spent more than 

80% of my study period by learning in a classroom and not had 

a really much experience to facing a real system. When I 

developed my bachelor thesis, I have to collect all the required 

data directly from the engine and facing a real system. And long 

story short, sometimes, I felt this proverb is actually worked. I 

have experienced that the results of calculation were not 

matched with what the theory have said. And sometimes they 

walk in opposite direction. And it took a time to find the reason 

why.  

That is the impression that I got when I was working on my 

bachelor thesis in a laboratory. But, this experience actually 

made me become aware and curious about what the reason 

behind one theory. It made become aware of what are the 

factors in a real condition that could affect a formula which 

written in a textbook. To summarize, I have to say that I feel 

blessed to have experience working in a laboratory. 

And also I would like to express my sincere gratitude to my 

supervisor Prof. Dr-Ing. Karsten Wehner and Dr.-Ing. 

Wolfgang Busse, for gave me a lot of guidance, knowledge, 

advice, and priceless opportunity. To Mr. Hartmut Schmidt and 
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Mr. Benjamin Muller who introduced me and guide me when I 

was working in a laboratory. Further, I would also like to 

acknowledge Ir. Dwi Priyanta MSE. Ph.D. as my lecturer who 

always give a lot of guidance and advice from the beginning of 

a semester. I realized that I would not have been possible to 

accomplish my bachelor thesis without all of them. Thank you. 

 

 

Surabaya, July 2016 

 

 

Stephanus Christo P. 
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CHAPTER I  

INTRODUCTION 
 

1. 1 Background 

The diesel engine was operated to achieve the desired power 

output, which is, for marine engineer’s purposes, to drive a ship 

at satisfied speed, and/or to provide electricity at a prescribed 

power. To determine this power he must allow not only for the 

cycle losses but for the friction losses in the cylinders, bearings, 

gearings, and heat lost by radiation. He must ensure that his 

engine could produce a prescribed power for operation. Thus, 

the energy balance of the diesel engine is required. The energy 

balance describes the distribution of energy from  fuel that 

converts into useful work and several energy losses which exist 

in the form of exhaust gas, heat released to engine’s cooling 

system, heat released by radiation, friction losses, and also 

chemical losses due to incomplete combustion. 

A typical diagram that shows the energy balance of diesel 

engine known as a Sankey Diagram. This diagram representing 

the various energy flows through a modern diesel engine. 

Thermal efficiency also can be determined from this diagram 

which equals to heat converted into useful work divided by total 

heat supplied. And thermal efficiency could be one of the 

indicators to determine whether one diesel engine operates 

under a good condition or not. 
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figure I.1 Sankey Diagram (Woodyard, Marine Dieesel Engines and Gas 

Turbines, 2004) 

1.2 Problem Statements 

A Marine diesel engine uses fossil fuels as the main source to 

produce energy that converted into useful work. This energy 

from fuel is converted into useful work that used to drive 

propeller of a ship. But, not all of the energy from a fuel can be 

converted into useful work. Fluid friction, mixing, and rapid 

expansion affects the amount of work extraction by the piston. 

The energy also lost in the form of exhaust gas, heat released to 

the cooling system, heat released by radiation, pumping losses, 

and also losses due to the friction of engine components. The 

other losses also occurred due to the incomplete chemical 

reaction of fuel which could be determined by analyzing the 

exhaust gas composition. 

All of those losses would affect the brake thermal efficiency of 

marine diesel engine. Brake thermal efficiency is the overall 
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measure of performance. In terms it is equal to heat converted 

into useful work divided by total heat supplied. Every engineer 

would maintain their engine by optimizing the injection 

settings, the air flow, coolant temperatures, at those values 

which give the best efficiency. 

To determine brake thermal efficiency of the engine it is 

necessary to measure all of the energy input and energy output 

from diesel engine. Energy input could be measured from the 

amount of the fuel energy that used for combustion. While, the 

energy output was determined by measuring the useful work 

output and several losses from practical cycle of a diesel engine. 

Thermal efficiency could be one of the indicators to determine 

the performance of specific diesel engine. Thus, it is very 

important to measure the energy balance of diesel engine. 

Based on the description above, the problem statement that can 

be concluded are: 

1. How to determine the energy efficiency balance of 

engine MAN 6L 23/30? 

2. How big the energy content in exhaust gas and what is 

the effect of chemical bounded energy losses to the 

overall energy efficiency? 

3. In which engine load or operating point the energy 

distribution would be optimal? 

1.3 Boundary Issue 

The limitation of the problem of this bachelor thesis are: 

1. The energy distribution of diesel engine would be 

measured and determine by experiment on the 

laboratory 

2. The thermal losses would be measured and determined 

from the heat released to exhaust gas, cooling system, 
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lubricating oil system and input energy transferred to 

the fuel and inlet air 

3. The chemical losses would be determined by analyzing 

unburned fuel and material inside the exhaust gas 

1.4 Purposes of Bachelor Thesis 

This bachelor thesis aims to: 

1. Develop the complete energy balance of MAN 6L 

23/30 four stroke diesel engine 

2. Measure and analyze the thermal and chemical 

bounded energy losses of MAN 6L 23/30 four stroke 

diesel engine. 

3. Analyze and make a recommendation in which engine 

load the energy balance would be optimal. 

1.5 Benefits of Bachelor Thesis 

The benefits could be obtained from this bachelor thesis are: 

1. Understanding the concept of energy balance of 

internal combustion engines 

2. Understanding energy distributions that occured inside 

internal combustion engines 

3. Understanding the methods to develop the complete 

energy balance of internal combustion engines 
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CHAPTER II  
STUDY LITERATURE 

 

2.1 Energy Balance of Internal Combustion Engine 

An Internal Combustion (IC) engine is a complex machinery, 

instrumentation, and services, all of which must work together 

as one system. Internal Combustion Engines, here, the hot 

combustion gases themselves become the working substance 

and energy is transferred directly from them as work. They can 

be reciprocating types, either it is the spark ignition engine or 

compression ignition engine (Milton E., 1995) 

An IC engines can be considered as a thermodynamic ‘open 

system’, which is a powerful concept to understand the 

thermodynamic behavior of a system. It is linked  to the idea of 

‘control volume’, a space enclosing the system and surrounded 

by an imaginary surface often known as ‘control surface’. The 

advantage of this concept is that once has identified all the mass 

and energy flows into and out of a system, it is easy to visualize 

the inside picture of that system by drawing up an energy 

balance sheet of inflows and outflows. (Abedin, Masjuki, & 

Kalam, 2013) 

 

figure II.1 Control Volume of Internal Combustion Engine (Abedin, Masjuki, 

and Kolam, 2013) 
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2.2 Energy Balance Theory 

Energy balance representing the flows of various energy 

through a diesel engine. Energy input was analyzed based on 

the mass of fuel injected into thecombustion chamber. While 

energies output were analyzed based on the produced useful 

work and other losses flows as heat and friction. The literature 

also shows that energy balance studies were done to optimize 

engine settings or system settings and it will determine in what 

range the engine will operate most efficiently (Kopac, Lutfi, & 

Mehmet, 2005). 

The energy balance that used in this study review all followed 

the same basic principle. “Energy balance for a direct injection 

diesel engine shows that about one-third of fuel energy input is 

lost to the environment through heat transfer, another third is 

wasted as exhaust heat and only one-third is available as shaft 

work” (Sharma & Jindal, 1989). Thus, heat losses must be 

decreased to improve the engine efficiency and it is very 

important to know the fraction heat loss mechanism. The 

equation to calculates the energy balance was referred to the 

literature with a title of  “Energy Balance on Internal 

Combustion Engines” (Van Gerpen, 1997), energy balance 

principle calculation that obtained from the literature of 

Hochschule Wismar and also combined with the other formula 

from other references that will be described in detail later. 

1. Density of Humid Air 

Firstly the ambient density of humid air must be determined 

based on the ambient pressure, temperature, and relative 

humidity. And the formula to calculates the density of humid 

air was given by the following equation (Weast, 1986, 

Handbook of Chemistry and Physics): 
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𝝆 𝒉𝒖𝒎𝒊𝒅 𝒂𝒊𝒓 (
𝒌𝒈

𝒎𝟑
) = 𝟏, 𝟐𝟐𝟗 𝒙

𝟐𝟕𝟑, 𝟏𝟓

𝑻 𝒂𝒎𝒃
 𝒙

𝑷 𝒂𝒎𝒃 − 𝟎, 𝟑𝟕𝟖𝟑 𝑷𝒗

𝟏, 𝟎𝟏𝟑 𝒙 𝟏𝟎𝟓
 

Equation 2.1 Density of Humid Air 

Where P amb and T amb are the ambient pressure (Pa) and 

temperature (K) respectively. And Pv is the partial vapour 

pressurewhich depends on the relative humidity. 

Where P amb and T amb are the ambient pressure (Pa) and 

temperature (K) respectively. And Pv is the partial vapour 

pressurewhich depends on the relative humidity. 

2. Fuel Input Energy 

The input energy going into the engine,Qin, was given by the 

equation: 

𝑸𝒊𝒏 (
𝒌𝑱

𝒔
) = ṁ𝒇 𝒙 𝑳𝑯𝑽 

𝑸𝒊𝒏 (
𝒌𝑱

𝒔
) = 𝒗𝒇 𝒙 𝝆𝒇 𝒙 𝑳𝑯𝑽 

Equation 2.2  Fuel Input Energy 

Here, ṁf is the fuel mass flow rate and the LHV is the lower 

heating value or energy content of the supplied fuel. 

The quantity of Lower Heating Value (LHV) is determined by 

subtracting the heat of evaporation of water vapor from higher 

heating value. LHV calculations assume that the water 

component is in a vapor state at the end of combustion, as 

opposed to the Higher Heating Value (HHV). The formula to 

determine the LHV is based on the EN ISO 3675, 1998 and 

given by the equation: 



8 

 

 

 

𝑳𝑯𝑽 (
𝒌𝑱

𝒌𝒈
) =  𝟒, 𝟏𝟗 𝒙 (𝟏𝟏𝟎𝟒𝟎 − (𝟐𝟏𝟖𝟎 𝒙 𝝆 𝒇𝒖𝒆𝒍 𝒂𝒕 𝟏𝟓°𝑪)

+ 𝟖𝟖𝟎 𝒙 𝝆 𝒇𝒖𝒆𝒍 𝒂𝒕 𝟏𝟓°𝑪) 

Equation 2.3  Lower Heating Value 

3. Brake Power Output 

The brake power output, Pb, would be calculated with the 

following equation: 

𝑷𝒃 (
𝒌𝑱

𝒔
) =  𝝉𝒃 𝒙 𝝎 

Equation 2.4  Brake Power Output 

Here, τb, is the brake torque of the engine and ω is the angular 

velocity of the engine crankshaft. 

4. Heat Released to Jacket Water 

The energy transferred through engine coolant components is 

divided into three components which are jacket water cooler, 

lubricating oil cooler, and scavenge air cooler. To ensure the 

exact calculation of heat losses to the engine’s cooling system, 

the calculation would be obtained on two sides of a heat 

exchanger which are the coolant side (fresh water side) and the 

fluids side (jacket water, scavenge air, and lubricating oil).  

The heat losses to the jacket water system, Qc, are calculated 

by: 

𝑸𝒄 (
𝒌𝑱

𝒔
) =  ṁ𝒄 𝒙 𝑪𝒑𝒄 𝒙 (𝑻𝒄 𝒐𝒖𝒕 − 𝑻𝒄 𝒊𝒏) 

𝑸𝒄 (
𝒌𝑱

𝒔
) =  𝒗𝒄 𝒙𝝆𝒄 𝒙 𝑪𝒑𝒄 𝒙 (𝑻𝒄 𝒐𝒖𝒕 − 𝑻𝒄 𝒊𝒏) 

Equation 2.5  Heat Released to Jacket Water 
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Here vc and ρc are the volumetric rates and density jacket water 

respecitively at the average temperature. Cpc is the specific heat 

of the jacket water at temperature half way between jacket 

water inletand outlet temperature at the engine (Tc in and Tc 

out).The calculation also conducted on the freshwater side 

(coolant of jacket water cooler) and similar formula is used to 

determine the heat released bythe system.   

5. Heat Released to Lubricating Oil 

The amount of heat carried away by the lubricaing oil could be 

measured by the following equation: 

𝑸 𝒐𝒊𝒍 (
𝒌𝑱

𝒔
) =  ṁ 𝑪𝒐𝒐𝒍𝒂𝒏𝒕 𝒙 𝑪𝒑 𝑪𝒐𝒐𝒍𝒂𝒏𝒕 𝒙 (𝑻 𝑪𝒐𝒐𝒍𝒂𝒏𝒕 𝒐𝒖𝒕 − 𝑻 𝑪𝒐𝒐𝒍𝒂𝒏𝒕 𝒊𝒏) 

𝑸 𝒐𝒊𝒍 (
𝒌𝑱

𝒔
) = 𝒗 𝑪𝒐𝒐𝒍𝒂𝒏𝒕 𝒙 𝝆 𝑪𝒐𝒐𝒍𝒂𝒏𝒕 𝒙  𝑪𝒑 𝒄𝒐𝒐𝒍𝒂𝒏𝒕 𝒙 (𝑻 𝑪𝒐𝒐𝒍𝒂𝒏𝒕 𝒐𝒖𝒕 − 𝑻 𝑪𝒐𝒐𝒍𝒂𝒏𝒕 𝒊𝒏) 

Equation 2.6  Heat Released to Lubricating Oil 

Here v and ρ are the volumetric flow rates and the density of 

the coolant at lubricating oil cooler respectively. Cp  is the 

specific heat of the coolant at temperature half way between the 

temperature of the coolant coming out and going into the 

lubricating oil cooler(T coolant in and T coolant out). 

6. Heat Released to Scavenge Air 

Similiary, the input energy transferred to the scavenge air is 

given by: 

𝑸𝒂 (
𝒌𝑱

𝒔
) =  ṁ𝒂 𝒙 𝑪𝒑𝒂 𝒙 (𝑻 𝒂𝒊𝒓 𝒂𝒇𝒕𝒆𝒓 𝒄𝒐𝒐𝒍𝒆𝒓 − 𝑻 𝒂𝒊𝒓 𝒃𝒆𝒇𝒐𝒓𝒆 𝒄𝒐𝒐𝒍𝒆𝒓)  

𝑸𝒂 (
𝒌𝑱

𝒔
) =  𝒗𝒂 𝒙 𝝆 𝒂𝒊𝒓 𝒙 𝑪𝒑𝒂 𝒙 (𝑻 𝒂𝒊𝒓 𝒂𝒇𝒕𝒆𝒓 𝒄𝒐𝒐𝒍𝒆𝒓

− 𝑻 𝒂𝒊𝒓 𝒃𝒆𝒇𝒐𝒓𝒆 𝒄𝒐𝒐𝒍𝒆𝒓) 

Equation 2.7  Heat Released to Scavenge Air 
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Here v and ρ are the volumetric flow rates and the density of 

the air at the ambient temperature. Cp  is the specific heat of the 

air at temperature half way between inlet and outlet at the 

scavenge air cooler (T air before cooler and T air after cooler). 

The calculation also conducted on the freshwater side (coolant 

of scavenge air cooler) and similar formula is used to determine 

the heat released by the system. 

7. Heat Released to Ambient Air 

When an engine is being operated, there were some amount of 

heat that released to the ambient air by convection and radiation 

process. Thus, it becomes important to determine how much the 

energy released in order to produce an exact energy balance. 

The used method was measuring temperature between the 

surface temperature of engine block and ambient temperature. 

The detailed formula is shown below: 

𝑸 𝒄𝒐𝒏𝒗  (
𝒌𝑱

𝒔
) =

𝑻𝒔𝒖𝒓𝒇𝒂𝒄𝒆 − 𝑻 𝒂𝒎𝒃

𝑺𝒖𝒓𝒇𝒂𝒄𝒆 𝑨𝒓𝒆𝒂 𝒙 𝒉 𝒕𝒐𝒕𝒂𝒍
 

Equation 2.8 Heat Released to Ambient Air 

Where h is the total convection and radiation heat transfer 

coefficient from cast iron (engine block material) to ambient 

air. 

8. Thermal Losses of Exhaust Gas 

The energy losses to exhaust gas exists in two forms, which are 

thermal and chemical losses. The thermal losses to the exhaust 

gas would be calculated with the following equation: 

𝑸 𝑬𝒙𝒉 𝑮𝒂𝒔 (
𝒌𝑱

𝒔
) = (ṁ 𝒇 +  ṁ 𝑨𝒊𝒓)𝒙 𝑪𝒑 𝑬𝒙𝒉 𝒙 𝑻 𝑬𝒙𝒉 − ṁ𝑨𝒊𝒓 𝒙 𝑪𝒑 𝑨𝒊𝒓 𝒙 𝑻 𝑨𝒊𝒓 

Equation 2.9 Thermal Losses of Exhaust Gas 
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Here, ṁ f and ṁ arepresenting the mass flow rate of fuel and 

inlet air respectively. Cp Exh is the specific heat of exhaust gas 

at the mean temperature between exhaust temperature and 

ambient temperature.Specific heat of exhaust gas is determined 

with the following equation(Hochschule Wismar, Principle of 

Energy Balance Calculation): 

𝑪𝒑 𝑬𝒙𝒉 =  
ṁ𝑬𝒙𝒉 𝒎𝒊𝒏 𝒙 𝑪𝒑 𝑬𝒙𝒉⃒𝑻+ṁ𝑨𝒊𝒓 𝒎𝒊𝒏 𝒙 (𝝀−𝟏)𝒙 𝑪𝒑 𝒂𝒊𝒓⃒𝑻+ 𝝀 𝒙 𝑿𝑳 𝒙 ṁ𝑨𝒊𝒓 𝒎𝒊𝒏 𝒙 𝑪𝒑 𝑯𝟐𝑶⃒𝑻

𝟏+ 𝝀 (𝟏+𝑿𝑳)ṁ𝑨𝒊𝒓 𝒎𝒊𝒏
  

Equation 2.10  Specific Heat Of Exhaust Gas 

All the specific heat (CP) that used in the above equation is 

obtained from table ... that shown in appendix. Lambda (λ) is 

the total air ratio that calculated with the following 

equation(Principles of Energy Balance Calculation, 

Hochschule Wismar): 

𝝀 =  
ṁ 𝑨𝒊𝒓

ṁ 𝑨𝒊𝒓 𝒎𝒊𝒏𝒊𝒎𝒖𝒎 𝒙 ṁ 𝑭𝒖𝒆𝒍
 

Equation 2.11 Air Equivalence Ratio 

Where ṁ Air minimum equal to the approximation of 14,53 of 

air / kg fuel. AndṁExh gas minumum equal to ṁAir minumum 

plus by 1. While XL is the water vapour content which depends 

on the ambient temperature and relative humidity. XL is 

calculated with following formula(Principles of Energy 

Balance Calculation, Hochschule Wismar): 

𝑿𝑳 =  𝟎, 𝟔𝟐𝟐 
𝑷𝒔 𝒙 𝝋

𝑷 −  𝑷𝒔 𝒙 𝝋
 

Equation 2.12 Water Vapour Content 

Where Ps and 𝝋are  the saturated steam pressure and humidity 

factor which obtained from table ... that shown in appendix.  
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9. Chemical Losses of Exhaust Gas 

The chemical losses occurred due to the incomplete combustion 

of a diesel engine. And the chemical losses inside the exhaust 

gas would be determined by measuring the unburned fuel 

material, like HC, CO, C,Soot, and NOx gases inside the 

exhaust gas. The exhaust gas products analyzer will measure 

the unburned fuel material and NOx gases in the percentage of 

mass. To calculate the how big the chemical loss is, the 

percentage of unburned fuel material would be multiplied with 

its enthalpy at the ambient temperature. And the example of 

calculation is shown in the following formula: 

1. 𝑯𝑪 =  … 𝒑𝒑𝒎 (
𝒎𝒈 𝒐𝒇 𝑯𝑪 

𝒌𝒈 𝒐𝒇 𝑬𝑮 
) 

2. 𝑯𝑪 𝒎𝒂𝒔𝒔 𝒇𝒍𝒐𝒘 𝒓𝒂𝒕𝒆𝒔 (
𝒈𝒓

𝒔
) =

 𝑯𝑪 𝒑𝒑𝒎 (
𝒎𝒈 𝒐𝒇 𝑯𝑪 

𝒌𝒈 𝒐𝒇 𝑬𝑮 
)  𝒙 ṁ 𝑨𝒊𝒓 (

𝒌𝒈

𝒔
)  

3. 𝒆𝒏𝒆𝒓𝒈𝒚 𝒍𝒐𝒔𝒔𝒆𝒔 (
𝒌𝑱

𝒔
) =

𝑯𝑪 𝒎𝒂𝒔𝒔 𝒇𝒍𝒐𝒘 𝒓𝒂𝒕𝒆𝒔 (
𝒈𝒓

𝒔
)  𝒙 𝑬𝒏𝒕𝒉𝒂𝒍𝒑𝒚 (

𝒌𝑱

𝒈𝒓
) 

Equation 2.13 Chemical Losses of Exhaust Gas 

While the chemical losses due to the CO gases would be 

calculated with the following formula(Principles of Energy 

Balance Calculation, Hochschule Wismar): 

𝑸 𝑪𝑶 (
𝒌𝑱

𝒔
)  =  𝟐𝟐, 𝟓𝟕 (

𝟏𝟑𝟏𝟑𝟎𝟎

𝑳𝑯𝑽
− 𝟏) 𝒙 (

𝑪𝑶

𝑪𝑶𝟐 + 𝑪𝑶
) 𝒙

𝑸𝒊𝒏

𝟏𝟎𝟎
 

Equation 2.14  Chemical Losses due to CO gases 

Where CO2 and CO is the percentaege of carbon dioxide and 

carbon monoxide gases inside the exhaust gas. 
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2.3 Exhaust Gas Emissions of Diesel Engine 

Marine diesel engine emits an exhaust gas which contents 

particles such as nitrogen, oxygen, water vapor, carbon dioxide 

and also pollutant particles which consist of nitrogen oxides 

(NOx), sulphur oxides (SOx), and particulate matters (PM) 

(woodyard 2004). Those particles were produced due to the 

combustion of fuel in combustion chamber. Development of 

those particles required energy from the fuel and considered to 

be one of the factors that affect an energy balance of diesel 

engine.  

The combustion quality of diesel engine could be analyzed by 

measuring the composition of their exhaust gas. The analysis of 

exhaust gas is important to determine whether the combustion 

occurs inefficient way or not. If it is found a lot of unburned 

fuel materials, like hydrocarbon (HC) and particulate matters, 

inside the exhaust gas it could be concluded that the combustion 

occurs in a poor condition. There are many factors that can lead 

to the poor combustion, for example, miss injection timing, 

defects of injection valves, bad fuel quality, etc.  

 

figure II.2 Typical Composition of the Exhaust Gas Products of a Medium 

Speed Diesel Engine (MAN B&W Diesel) 
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The NOx emission from diesel become a trending topic in 

maritime industries recently. It was due to a more strict 

regulation of NOx emission. Nitrogen oxides (NOx) are 

generated thermally from nitrogen and oxygen at high 

combustion temperature in the cylinder. There was some parts 

energy from fuel that converted into heat and produces NOx. 

And that part of the energy will affect the complete energy 

balance of diesel engine. Thus, it is become important to 

measure the energy required for the formation of NOx in order 

to develop an exact and complete energy balance of diesel 

engine. 

2.4 Measurement Techniques 

The energy distribution of diesel engine needs to be measured 

exactly in order to make a good energy balance. Thus, the good 

measurement techniques are required to produce the exact 

energy balance and later we could determine the quality of one 

specific engine. The measurement techniques that used in this 

bachelor thesis were similar with most of the energy balance 

studies that had been examined. And the energy distribution 

that needs to be measured are:  

 Density of humid air 

The density of humid air would be determined by 

formula which depends on the ambient temperature, 

pressure and relative humidity.  

 

 Lower Heating Value 

The LHV was determined by the methods from ISO EN 

3675. This methodhas a formula that required a fuel 

density at 15°C. Firstly, the measurement was 

conducted by measuring the density of fuel sample at 

reference temperature and also determine the thermal 
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expansion coefficient (α) then these values would be 

used to determine the fuel density at 15°C.  

 

 Input energy from fuel 

The input energy from fuel would be determined by 

measuring the fuel density and the volumetric flow 

rates of the fuel. And after that, it would be multiplied 

with the Lower Heating Value (LHV) which depends 

on the fuel composition. The LHV was determined by 

the methods from ISO EN 3675. 

 

 Break Power Output 

Brake power output would be determined by measuring 

the engine’s torque by means of dynamometers. 

Hydraulic dynamometers were used in most cases, 

however, it should be noted that the other 

dynamometers such as water brake, prony brake, eddy 

current, direct current, generator dynamometers could 

have been used (Winther 1975). 

 

 EnergyLosses as heat to cooling system (jacket 

water, lubricating oil, and scavenge air cooling 

system) 

Energy Losses as heat to the three types cooling 

system, which are jacket water, lubricating oil and 

scavenge air cooling system, would be determined by 

measuring the volumetric flow rates of the fluids and 

the temperature differences between outlet and inlet at 

the engine’s cooler. The fluids density at mean 

temperature between inlet temperature and outlet 

temperature also be used to converts volumetric flow 

rates into mass flow rates. 
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 Thermal Energy Losses of exhaust gas 

Energy lost to exhaust gas exist in two forms which are 

thermal and chemical losses. The thermal losses would 

be determined by determining the mass flow rates of 

the exhaust gas and multiplied it with specific heat and 

the temperature differences between exhaust 

temperature and ambient temperature. The specific 

heat of exhaust gas is determined at the mean 

temperature between exhaust and ambient temperature. 

 

 Chemical Energy Losses of exhaust gas 

Chemical energy losses of exhaust gas were 

determined by measuring the unburned fuel material 

such as CO, hydrocarbon, soot and also the NOx gases 

which consist of NO2 and NO gases. The measurement 

was conducted by means of exhaust gas analyzer that 

could measure the composition of those substances in 

ppm (part per million) or percentage 
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CHAPTER III  

METHODOLOGY 
 

The methodology that used in this bachelor thesis are based on 

a literature studies and a diesel engine test inside machinery 

laboratory. 

3.1 Problem Statement 

The progress of bachelor thesis  started with identifying and 

formulating the problems about the work to be carried and also 

the limiation or constraints of the issue. This step is aimed to 

simplify the issue. 

3.2 Data Collection 

The required data were the principle dimension of the engine 

and engine’s parameters that would use as early data to develop 

a calculation program in order to determine the energy balance 

of diesel engine. All of  the data was obtained from the marine 

diesel engine plant at Hochschule Wismar laboratory. 

3.3 Development of Calculation Program 

The calculation program was built based on the formula 

regarding energy balance of diesel engine, and the early data 

that used for the calculation is obtained from the previous 

engine test in the laboratory of Hochschule Wismar. And the 

calculation program was built by utilizing Microsoft Excel. 

3.4 Requirement check I 

Requirement check was aimed to check whether the calculation 

program has worked properly or not. The process would 

examine the formula that used in the calculation. If the formula 

is not written correctly, the process will be returned to the 

development of calculation program. 
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3.5 Laboratory Test Preparation 

Laboratory test preparation includes planning and preparation 

of engine testing apparatus. 

3.6 Fuel Oil Analysis and Lower Heating Value (LHV) 

Calculation 

Fuel oil analysis was meant to determine the composition of 

fuel being used in order to calculate the Lower Heating Value 

of the fuel. 

3.7 Measurement of Thermal and Chemical Losses of 

Diesel Engine 

Thermal losses would be calculated by measuring energy lost 

in the exhaust gas, cooling system, lubricating system, 

radiation, and charge air. While, chemical losses would be 

determined by measuring the unburned fuel materials inside 

exhaust gas. 

3.8 Energy Balance Analysis 

Energy Balance analysis would be conducted by utilizing the 

data from an experiment of thermal and chemical losses. The 

energy balance analysis would determine the total energy input 

and output through the diesel engine. 

3.9 Requirement Check II 

The energy balance would be checked whether the amount of 

energy output has a value equal to or near to the energy input. 

If the there were an excess gap, the data will be collected again 

by measurement of thermal and chemical losses. 

3.10 Conclusion 

The conclusion would be determined from the energy balance 

analysis. The final results are a diagram that representing the 

energy input and energy output of diesel engine and thermal 

efficiency across engine load condition. 
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3.11 Engine Testing Apparatus 

3.11.1 Test Engine Specification 

In order to make an energy audit, a MAN 6L 23/30A-DKV was 

tested on an engine dynamometer test bench. It is a four stroke, 

6 linear cylinders, turbocharged, 960 kW diesel engine. An 

energy audit would be determined by measuring all the energy 

distributions from the fuel to a certain power output of the 

engine. The engine specifications are shown in table 1 and the 

data are valid at the maximum continuous rating (MCR) of the 

engine with ambient air temperature 45°C and air pressure 1000 

mbar. 

Table III.1 Test engine specification 

MANUFACTURER MAN B&W 

TYPE 6 L23/30A-DKV 

BORE (mm) 225 

STROKE (mm) 300 

DISPLACEMENT / cyl (L) 11,9 

RATED POWER (kW) 960 

RATED SPEED (RPM) 900 

MEAN EFFECTIVE PRESSURE (bar) 17,9 

MAX COMBUSTION PRESSURE (bar) 135 

COMPRESSION RATIO 12,5 

 

figure III.1 Engine MAN 6L 23/30A-DKV 
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3.11.2 Control Volume of The Engine 

The test engine was aimed to audit the energy flow in MAN 6 

L23/30A-DKV diesel engines. In order to characterize the 

energy distribution, a suitable control volume is needed. Figure 

3.2 shows the control volume which analyze all the energy 

distribution from the outlet of exhaust gas turbine until the inlet 

of the compressor on the air intake side of the engine. 

 

figure III.2 Control Volume of The Engine 

3.11. 3 Layout of Engine Test 

The engine instrumentation and testing procedure would be 

explained in this section. In order to determine the energy 

balance, the temperature in the air, exhaust, coolant, and oil 

streams were measured by the thermocouples which installed 

on all fluid flow pathways. And also all the volumetric flow 

rates of the fluid were measured by flowmeter that installed on 

its pathways. The exhaust gas analyzer was used to measure the 

particles inside the exhaust gas, in order to calculate the 
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chemical energy lost inside the exhaust gas. And to determine 

the brake power of the engine, a dynamometer was used to 

measuring the brake torque at certain rpm. 

 

figure III.3 Engine Test Layout 

The explanation of the measuring equipment would be 

discussed in order to give a better understanding of the scheme 

in figure 3.3. And the following measurement equipment that 

used for engine test were: 

1. Dynamometer 

In order to measure the brake power output, the hydraulic 

dynamoter Zöllner-Kiel type 9N38/12F was used. It is 

coupled to the engine and used to measure the brake torque 

at certain engine rpm. The maximum power and rpm that 

could be measured are 1200 kW 3500 rpm respectively. 
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figure III.4 Hydarulic Dynamometer 

2. Fuel Oil System 

The volumetric flow rates of the fuel oil was measured 

using the volumetric flowmeter that shown in figure 3.5. 

And also the temperature of the fuel oil could be measured 

at the inlet and outlet of the engine. 

 

figure III.5 Volumetric Flow Rates of Fuel Oil 

The system diagram of fuel oil system is shown in figure 

3.6, which explained the diagram of fuel system which 

operated with marine diesel oil (MDO). The MDO is 

stored in the storage tank. Before it transferred to the 
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service tank, the fuel would be cleaned from water and dirt 

by means of purifier. To ensure the satisfactory suction 

during start-up, the standby pump is operated to transfer 

fuel from service tank to engine inlet. While,  during 

service operation, the primary fuel pump (engine driven 

pump) is used to circulates the fuel within the system. 

 

figure III.6 Diagram of Fuel Oil System 

3. Cooling System 

There are three types of a cooler that work within the engine 

system which are scavenge air, lubricating oil, and jacket 

water cooler. The system is divided into two systems which 

are high temperature cooling system and low temperature 

cooling system.  The layout of the system is shown in figure 

3.9 and 3.13.  The volumetric flow rates of the coolant of 

the cooler were measured by flowmeter that installed on its 

pathways, as shown in figure 3.7. The inlet and outlet 
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temperature also could be measured by thermocouples that 

installed on the system. 

 
figure III.7 Volumetric Flow Rates of LT Cooling System 

 
figure III.8 Stand By Pump of LT Cooling System 

The low temperature (LT) cooling system was designed to 

cool down the scavenge air, lubricating oil, and jacket 

water. And after flows out from jacket water cooler, the 

water from the LT cooling system will flows to the mixing 
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tank and will be cooled down by sea water before its 

recirculates 

 
figure III.9 Low Temperature Cooling System 

 
figure III.10 Scavenge Air Cooler 
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figure III.11 Lubricating Oil Cooler 

 

figure III.12 Jacket Water Cooler 

While The high temperature (HT) cooling system works to 

cooled down the cylinder of the engine. And the water 

from  high-temperature cooling system will be cooled 

down by jacket water cooler (intersection between HT and 

LT cooling system). In engine stand-by condition, the 

jacket water is circulated by means of standby pump, and 
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after engine runs in stable condition, it will be replaced by 

centrifugal pump which is coupled to the engine. 

 

figure III.13 High Temperature Cooling System 

4. Charge Air and Exhaust System 

The layout system of exhaust gas and charge air is shown 

in figure 3.14. In order to determine the thermal energy 

losses inside the exhaust gas, the temperature differences 

between inlet air and exhaust gas are measured by 

thermocouples that installed on its pathways. While the 

mass flow rates of the exhaust gas were determined by the 

summation of mass flow rates of fuel and inlet air. 

The volumetric flow rates of inlet air would be measured 

by means of flow meter that installed on the inlet air piping 

system. And the chemical losses would be determined by 
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measuring unburned fuel material and NOx gasses inside 

the exhaust gas by means of exhaust gas analyzer, shown in 

figure 3.15. 

 

figure III.14 Exhaust and Inlet Air System 

 

figure III.15 Exhaust Gas Analyzer 
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5. Control Panel and Engine Control Room 

All the data and parameters of the engine MAN 6 L23/30A 

is shown at the control panel in the engine control room 

(ECR). It was provided with necessary instruments to 

measure engine parameters. These signals are interfaced to 

computer through high speed data acquisition. And also the 

parameters can be seen on the local instrument that installed 

on the engine system. The control panel on the ECR shows 

the all the parameters of each engine systems (fuel oil, HT 

cooling, LT cooling, exhaust, etc.) and also a torque 

measurement that measured by hydraulic dynamometer. 

 

figure III.16 Control Panel of Engine Control Room 
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CHAPTER IV  

RESULTS AND DISCUSSION 

 
On this chapter would explain the results of calculation which 

was made from the MAN 6L 23/30A engine test. The data was 

collected from 50%-90% engine’s load. All of the collected 

data was used to calculates the energy balance and would 

indicates how good the energy distribution inside the engine. 

And also the example of calculation of energy efficiency 

balance would be explained in subcontents 4.1.  

4.1 Example of Calculation 

The required data which obtained from the engine test is shown 

below: 

Table IV.1 Data from 85% Engine Test 

NO PARAMETER VALUE UNITS 

AIR PROPERTIES 

1 Ambient temperature 23,00 °C 

2 Ambient Air Pressure 1018,10 mbar 

3 Humidity 35,1%   

FUEL OIL 

1 Fuel Temperature 21,00 °C 

2 Fuel Density @ reference Temp 0,8360 gr/cm3 

3 Coeff. Thermal Exp (α) 0,00067 gr/(cm3 x K) 

4 FO Volumetric Flow Rates 169,00 kg / hour 

5 Fuel Oil Temp @ Operation 35,60 °C 

TORQUE AND RPM 

1 Brake Torque 9020,00 N-m 

2 Engine Rpm 853,50 rpm 

JACKET WATER SYSTEM 

1 JW inlet temp 74,0 °C 

2 JW outlet temp 79,30 °C 

3 Average Temperature 76,65 °C 
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4 Volumetric Flow rates 42,60 m3/hour 

SCAVENGE AIR SYSTEM 

1 Temp before cooler 137,6 °C 

2 Temp after cooler 42,4 °C 

3 Air Pressure after cooler 1,5 bar 

4 Volumetric flow rates 4304,4 m3/hour 

LUBRICATING OIL SYSTEM 

1 Coolant temp before H/E 36,90 °C 

2 Coolant temp after H/E 41,97 °C 

3 Average Temperature 39,44 °C 

4 Volumetric flow rates 27,50 m3/hour 

EXHAUST GAS SYSTEM 

1 Volumetric flow rates of Air 4304,4 m3/hour 

2 Exhaust Gas Temp After Turbine 345,00 °C 

3 Average Temperature 280,6 °C 

4 NO gases compostition in EG 825,37 ppm (mg / kg EG) 

5 NO2 gases composition on EG 75,66 ppm (mg / kg EG) 

6 CO gases composition on EG 54,42 ppm (mg / kg EG) 

7 HC composition on EG 50,75 ppm (mg / kg EG) 

8 Carbon cocentration 7 gr / m3 

SURFACE TEMPERATURE 

1 Engine block surface temp 90,4 °C 

 

The detailed calculation of energy balance of diesel engine 

would be explained in this chapter. The calculation was made 

based on the data from the engine test at 85% load. The 

calculation would analyze all the energy distribution, started 

with energy input from fuel until several energy output for 

example like shaft power output, heat released to cooling 

system, exhaust gas, and also chemical losses of exhaust gas. 

The detailed calculation is explained below: 
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1. Humid Air Density (Handbook of Chemistry and 

Physics, Weast, 1986; page F-8) 

 𝝆 𝒉𝒖𝒎𝒊𝒅 𝒂𝒊𝒓 (
𝒌𝒈

𝒎𝟑
) = 𝟏, 𝟐𝟐𝟗 𝒙

𝟐𝟕𝟑,𝟏𝟓

𝑻 𝒂𝒎𝒃
 𝒙

𝑷 𝒂𝒎𝒃−𝟎,𝟑𝟕𝟖𝟑 𝑷𝒗

𝟏,𝟎𝟏𝟑 𝒙 𝟏𝟎𝟓
 

 

 Saturated Vapour Pressure (Psv) = 𝟔𝟏𝟎, 𝟕𝟖 𝒙 (𝟐, 𝟏𝟕𝟖
𝟏𝟕,𝟔𝟕 𝒙 𝑻𝒂𝒎𝒃

𝟐𝟒𝟑,𝟓+𝑻𝒂𝒎𝒃 ) 

Saturated Vapour Pressure (Psv) = 𝟔𝟏𝟎, 𝟕𝟖 𝒙 (𝟐, 𝟏𝟕𝟖
𝟏𝟕,𝟔𝟕 𝒙 𝑻𝒂𝒎𝒃

𝟐𝟒𝟑,𝟓+𝑻𝒂𝒎𝒃 ) =

𝟐𝟖𝟎𝟔, 𝟓𝟗 𝑷𝒂 
 

 Partial Vapour Pressure (Pv) = Psv x Relative Humidity  

Partial Vapour Pressure (Pv) = 2806,59 x 35,1% = 985,11 Pa 
 

 𝝆 𝒉𝒖𝒎𝒊𝒅 𝒂𝒊𝒓 (
𝒌𝒈

𝒎𝟑
) = 𝟏, 𝟐𝟐𝟗 𝒙

𝟐𝟕𝟑,𝟏𝟓

𝟐𝟗𝟔,𝟏𝟓
 𝒙

𝟏𝟎𝟏𝟖,𝟏−𝟎,𝟑𝟕𝟖𝟑 𝟗𝟖𝟓,𝟏𝟏

𝟏,𝟎𝟏𝟑 𝒙 𝟏𝟎𝟓 =

𝟏, 𝟏𝟗𝟑𝟖 𝒌𝒈/𝒎𝟑 

 

2. Lower Heating Value of Fuel Oil (EN ISO 3675) 

 𝑳𝑯𝑽 (
𝒌𝑱

𝒌𝒈
) =  𝟒, 𝟏𝟗 𝒙 (𝟏𝟏𝟎𝟒𝟎 − (𝟐𝟏𝟖𝟎 𝒙 𝝆 𝒇𝒖𝒆𝒍 𝒂𝒕 𝟏𝟓°𝑪) +

𝟖𝟖𝟎 𝒙 𝝆 𝒇𝒖𝒆𝒍 𝒂𝒕 𝟏𝟓°𝑪) 

 𝝆 𝟏𝟓°𝑪 = 𝝆 @ 𝒓𝒆𝒇𝒆𝒓𝒆𝒏𝒄𝒆 𝑻𝒆𝒎𝒑 + (𝜶 𝒙 (𝑻 𝒓𝒆𝒇𝒆𝒓𝒆𝒏𝒄𝒆 −

𝟏𝟓)) 

𝝆 𝟏𝟓°𝑪 = 𝟎, 𝟖𝟑𝟔𝟎 + (𝟎, 𝟎𝟎𝟎𝟔𝟕 𝒙 (𝟐𝟏 − 𝟏𝟓)) = 𝟎, 𝟖𝟒𝟎𝟎𝟐
𝒈𝒓

𝒄𝒎𝟑
 

 𝑳𝑯𝑽 (
𝒌𝑱

𝒌𝒈
) =  𝟒, 𝟏𝟗 𝒙 (𝟏𝟏𝟎𝟒𝟎 − (𝟐𝟏𝟖𝟎 𝒙 𝟎, 𝟖𝟒𝟎𝟎𝟐) +

𝟖𝟖𝟎 𝒙 𝟎, 𝟖𝟒𝟎𝟎𝟐 = 𝟒𝟐. 𝟗𝟎𝟗, 𝟓𝟐𝟑
𝒌𝒋

𝒌𝒈
  

 

3. Fuel Energy Input into the Engine 

 𝑸𝒊𝒏 (
𝒌𝑱

𝒔
) = ṁ𝒇 𝒙 𝑳𝑯𝑽 

 𝑸𝒊𝒏 (
𝒌𝑱

𝒔
) = 𝟏𝟔𝟗

𝒌𝒈

𝒉𝒐𝒖𝒓
 𝒙  𝟒𝟐𝟕𝟎𝟕

𝒌𝑱

𝒌𝒈
= 𝟐𝟎𝟎𝟒, 𝟖𝟔

𝒌𝑱

𝒔
 

 

4. Brake Power Output 

 𝑷𝒃 (
𝒌𝑱

𝒔
) = 𝝉𝒃 𝒙 𝝎 

 𝑷𝒃 (
𝒌𝑱

𝒔
) = 𝟗𝟎𝟐𝟎 𝑵 − 𝒎 𝒙  𝟖𝟗, 𝟒𝟏𝟒 𝒓𝒂𝒅/𝒔 = 𝟖𝟎𝟔, 𝟓𝟐

𝒌𝑱

𝒔
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5. Heat Released to Jacket Water 

 𝑸𝒄 (
𝒌𝑱

𝒔
) = 𝒗𝒄 𝒙𝝆𝒄 𝒙 𝑪𝒑𝒄 𝒙 (𝑻𝒄 𝒐𝒖𝒕 − 𝑻𝒄 𝒊𝒏) 

 𝑸𝒄 (
𝒌𝑱

𝒔
) =

𝟒𝟐,𝟔

𝟑𝟔𝟎𝟎

𝒎𝟑

𝒔
 𝒙 𝟗𝟕𝟒, 𝟎𝟒

𝒌𝒈

𝒎𝟑
 𝒙 𝟒, 𝟏𝟗𝟓𝟑

𝒌𝑱

𝒌𝒈 𝒙 𝑲
  𝒙 (𝟕𝟗, 𝟑𝟎°C −

𝟕𝟒°C) = 𝟐𝟖𝟎, 𝟒𝟔𝟑
𝒌𝑱

𝒔
 

 

6. Heat Released to Lubricating Oil 

 𝑸 𝒐𝒊𝒍 (
𝒌𝑱

𝒔
) =

𝒗 𝑪𝒐𝒐𝒍𝒂𝒏𝒕 𝒙 𝝆 𝑪𝒐𝒐𝒍𝒂𝒏𝒕 𝒙  𝑪𝒑 𝒄𝒐𝒐𝒍𝒂𝒏𝒕 𝒙 (𝑻 𝑪𝒐𝒐𝒍𝒂𝒏𝒕 𝒐𝒖𝒕 −

𝑻 𝑪𝒐𝒐𝒍𝒂𝒏𝒕 𝒊𝒏) 

 𝑸 𝒐𝒊𝒍 (
𝒌𝑱

𝒔
) =

𝟐𝟕,𝟓

𝟑𝟔𝟎𝟎

𝒎𝟑

𝒔
 𝒙 𝟗𝟗𝟎, 𝟕

𝒌𝒈

𝒎𝟑
 𝒙 𝟒, 𝟏𝟖𝟎𝟓

𝒌𝑱

𝒌𝒈 𝒙 𝑲
  𝒙 (𝟒𝟔, 𝟔𝟑°C −

𝟒𝟏,2°C) = 𝟏𝟕𝟏, 𝟕𝟗𝟏
𝒌𝑱

𝒔
 

 

7. Heat Released to Scavenge Air 

 𝑸𝒂 (
𝒌𝑱

𝒔
) =  𝒗𝒂 𝒙 𝝆 𝒂𝒊𝒓 𝒙 𝑪𝒑𝒂 𝒙 (𝑻 𝒂𝒊𝒓 𝒂𝒇𝒕𝒆𝒓 𝒄𝒐𝒐𝒍𝒆𝒓 −

𝑻 𝒂𝒊𝒓 𝒃𝒆𝒇𝒐𝒓𝒆 𝒄𝒐𝒐𝒍𝒆𝒓) 

 𝑸𝒂 (
𝒌𝑱

𝒔
) =

𝟒𝟑𝟎𝟒,𝟒

𝟑𝟔𝟎𝟎

𝒎𝟑

𝒔
 𝒙 𝟏, 𝟗𝟑𝟖

𝒌𝒈

𝒎𝟑
 𝒙 𝟏, 𝟎𝟎𝟗𝟕

𝒌𝑱

𝒌𝒈 𝒙 𝑲
  𝒙 (𝟏𝟑𝟕, 𝟔°C −

𝟒𝟐,4°C) = 𝟏𝟑𝟕, 𝟐𝟎𝟖
𝒌𝑱

𝒔
 

 

8. Heat Released to Ambient Air 

 𝑸 𝒄𝒐𝒏𝒗  (
𝒌𝑱

𝒔
) =

𝑻𝒔𝒖𝒓𝒇𝒂𝒄𝒆−𝑻 𝒂𝒎𝒃

𝑺𝒖𝒓𝒇𝒂𝒄𝒆 𝑨𝒓𝒆𝒂 𝒙 𝒉 𝒕𝒐𝒕𝒂𝒍
  

 𝑸 𝒄𝒐𝒏𝒗  (
𝒌𝑱

𝒔
) =

𝟗𝟎, 𝟒°C−𝟐𝟑,𝟎°C

𝟏𝟓,𝟓𝟖𝟐 𝒎𝟐 𝒙 𝟏𝟒,𝟓𝟖𝟐
𝑾

𝒎𝟐 𝒙 𝑲

= 𝟏𝟕, 𝟕𝟗𝟏
𝒌𝑱

𝒔
 

 

9. Specific Heat of Exhaust Gas (Pricinples Calculation of 

Energy Balance, Hochschule Wismar) 

 𝑪𝒑 𝑬𝒙𝒉 =  
ṁ𝑬𝒙𝒉 𝒎𝒊𝒏 𝒙 𝑪𝒑 𝑬𝒙𝒉⃒𝑻+ṁ𝑨𝒊𝒓 𝒎𝒊𝒏 𝒙 (𝝀−𝟏)𝒙 𝑪𝒑 𝒂𝒊𝒓⃒𝑻+ 𝝀 𝒙 𝑿𝑳 𝒙 ṁ𝑨𝒊𝒓 𝒎𝒊𝒏 𝒙 𝑪𝒑 𝑯𝟐𝑶⃒𝑻

𝟏+ 𝝀 (𝟏+𝑿𝑳) ṁ𝑨𝒊𝒓 𝒎𝒊𝒏
 

 𝝀 =  
ṁ 𝑨𝒊𝒓

ṁ 𝑨𝒊𝒓 𝒎𝒊𝒏𝒊𝒎𝒖𝒎 𝒙 ṁ 𝑭𝒖𝒆𝒍
 

 

o ṁ 𝑨𝒊𝒓 𝒎𝒊𝒏 = 𝟏𝟒, 𝟓𝟑
𝒌𝒈𝒂𝒊𝒓

𝒌𝒈 𝒇𝒖𝒆𝒍
= 𝟐𝟒𝟓𝟓, 𝟓𝟕 𝒌𝒈/𝒉𝒐𝒖𝒓 

o ṁ 𝑬𝒙𝒉 𝑮𝒂𝒔 𝒎𝒊𝒏 = (𝟏𝟒, 𝟓𝟑 + 𝟏)
𝒌𝒈 𝑬𝑮

𝒌𝒈 𝒇𝒖𝒆𝒍
= 𝟐𝟔𝟐𝟒, 𝟓𝟕 𝒌𝒈/𝒉𝒐𝒖𝒓 

 

𝝀 =  
𝟏,𝟏𝟗𝟑𝟖

𝒌𝒈

𝒎𝟑
 𝒙 𝟒𝟕𝟖𝟒,𝟏

𝒌𝒈

𝒉𝒐𝒖𝒓

𝟏𝟒,𝟓𝟑
𝒌𝒈 𝒂𝒊𝒓

𝒌𝒈 𝒇𝒖𝒆𝒍
 𝒙 𝟏𝟔𝟗 

𝒌𝒈 𝒇𝒖𝒆𝒍

𝒉𝒐𝒖𝒓

= 2,0926 
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 𝑿𝑳 =  𝟎, 𝟔𝟐𝟐 
𝑷𝒔 𝒙 𝝋

𝑷 𝒂𝒎𝒃− 𝑷𝒔 𝒙 𝝋
 

The value of Ps and 𝜑 was obtained from the following table 

which depends on the ambient temperature and relative 

humidity. 

Table IV.2 Humidity factor (XL) and Saturated Vapour Pressure (Principles 

Calculation of Energy Balance, Hochschule Wismar) 

 

 𝑿𝑳 =  𝟎, 𝟔𝟐𝟐 
𝟎,𝟎𝟑𝟒𝟒𝟏 𝒙 𝟎,𝟎𝟎𝟔𝟑𝟑𝟒

𝟏,𝟎𝟏𝟖− 𝟎,𝟎𝟑𝟒𝟒𝟏 𝒙 𝟎,𝟎𝟎𝟔𝟑𝟑𝟒
= 0,000132 

The value of 𝐶𝑝 𝐸𝑥ℎ⃒𝑇, 𝐶𝑝 𝑎𝑖𝑟⃒𝑇, and 𝐶𝑝 𝐻2𝑂⃒𝑇 was 

obtained from the table 4.3 which depends on the exhaust gas 

temperature (average temperature) after turbocharger. 

Table IV.3 Specific heat of exhaust gas, air and H20 (Principles Calculation 

of Energy Balance, Hochschule Wismar) 

 

 𝐶𝑝 𝐸𝑥ℎ⃒280,6 = 1,08738
𝒌𝑱

𝒌𝒈 𝒙 𝑲
 

 𝐶𝑝 𝑎𝑖𝑟⃒280,6 = 1,01765
𝒌𝑱

𝒌𝒈 𝒙 𝑲
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 𝐶𝑝 𝐻20⃒280,6 = 1,9134
𝒌𝑱

𝒌𝒈 𝒙 𝑲
 

 

 𝑪𝒑 𝑬𝒙𝒉 =  
(𝟐𝟔𝟐𝟒,𝟓𝟕 𝒙 𝟏,𝟎𝟖𝟕𝟑𝟖)+(𝟐𝟒𝟓𝟓,𝟓𝟕 𝒙 (𝟐,𝟎𝟗𝟐𝟔−𝟏)𝒙 𝟏,𝟎𝟏𝟕𝟔𝟓)+(𝟐,𝟎𝟗𝟐𝟔 𝒙 𝟎,𝟎𝟎𝟏𝟑𝟐 𝒙 𝟐𝟒𝟓𝟓,𝟓𝟕 𝒙 𝟏,𝟗𝟏𝟑𝟒)

𝟏+𝟐,𝟎𝟗𝟐𝟔 𝒙 (𝟏+𝟎,𝟎𝟎𝟎𝟏𝟑𝟓) 𝒙 𝟐𝟒𝟓𝟓,𝟓𝟕
=

𝟏, 𝟎𝟖𝟔𝟓𝟖
𝒌𝑱

𝒌𝒈 𝒙 𝑲
 

 

10. Thermal Losses of Exhaust Gas(Pricinples Calculation of 

Energy Balance, Hochschule Wismar) 

 𝑸 𝑬𝒙𝒉 𝑮𝒂𝒔 (
𝒌𝑱

𝒔
) = (ṁ 𝒇 +  ṁ 𝑨𝒊𝒓)𝒙 𝑪𝒑 𝑬𝒙𝒉 𝒙 𝑻 𝑬𝒙𝒉 −

ṁ𝑨𝒊𝒓 𝒙 𝑪𝒑 𝑨𝒊𝒓 𝒙 𝑻 𝑨𝒊𝒓 

 𝑸 𝑬𝒙𝒉 𝑮𝒂𝒔 (
𝒌𝑱

𝒔
) = (𝟏𝟔𝟗 + 𝟓𝟏𝟑𝟖, 𝟔𝟒) 𝒙 𝟏, 𝟎𝟖𝟔𝟓𝟖 𝒙 (𝟑𝟒𝟓) −

𝟓𝟏𝟑𝟖, 𝟔𝟒 𝒙 𝟏, 𝟎𝟎𝟗 𝒙 (𝟐𝟑) = 𝟓𝟐𝟒, 𝟖𝟕
𝒌𝑱

𝒔
 

 

11. Chemical Losses of Exhaust Gas (Principles Calculation 

of Energy Balance, Hochschule Wismar) 

A. NOx gases 

 𝑯𝒆𝒂𝒕 𝒍𝒐𝒔𝒔𝒆𝒔 𝒅𝒖𝒆 𝒕𝒐 𝑵𝒐𝒙 𝒈𝒂𝒔𝒆𝒔 (
𝒌𝑱

𝒔
) =

 (𝑵𝑶𝒙) 𝒑𝒑𝒎 𝒙 ṁ 𝑨𝒊𝒓 𝒙 𝑵𝑶𝒙 𝒆𝒏𝒕𝒉𝒂𝒍𝒑𝒚 

 𝑯𝒆𝒂𝒕 𝒍𝒐𝒔𝒔𝒆𝒔 𝒅𝒖𝒆 𝒕𝒐 𝑵𝒐𝒙 𝒈𝒂𝒔𝒆𝒔 (
𝒌𝑱

𝒔
) =

 𝟗𝟎𝟏, 𝟎𝟑 𝒑𝒑𝒎 𝒙 𝟒𝟑𝟎𝟒, 𝟒
𝒌𝒈

𝒉𝒐𝒖𝒓
 𝒙 𝟑, 𝟎𝟏𝟐𝟑

𝒌𝑱

𝒈𝒓
= 𝟑, 𝟖𝟕𝟒

𝒌𝑱

𝒔
 

 

B. Hydrocarbon 

 𝑯𝒆𝒂𝒕 𝒍𝒐𝒔𝒔𝒆𝒔 𝒅𝒖𝒆 𝒕𝒐 𝒉𝒚𝒅𝒓𝒐𝒄𝒂𝒓𝒃𝒐𝒏 (
𝒌𝑱

𝒔
) =

 (𝑯𝑪) 𝒑𝒑𝒎 𝒙 ṁ 𝑨𝒊𝒓 𝒙 𝑯𝑪 𝒆𝒏𝒕𝒉𝒂𝒍𝒑𝒚 

 𝑯𝒆𝒂𝒕 𝒍𝒐𝒔𝒔𝒆𝒔 𝒅𝒖𝒆 𝒕𝒐 𝒉𝒚𝒅𝒓𝒐𝒄𝒂𝒓𝒃𝒐𝒏 (
𝒌𝑱

𝒔
) =

 𝟓𝟎, 𝟎𝟑 𝒑𝒑𝒎 𝒙 𝟒𝟑𝟎𝟒, 𝟒
𝒌𝒈

𝒉𝒐𝒖𝒓
 𝒙 𝟒𝟐, 𝟕𝟎𝟕

𝒌𝑱

𝒈𝒓
= 𝟑, 𝟎𝟗𝟑𝟕

𝒌𝑱

𝒔
 

 

C. CO gases (Pricinples Calculation of Energy Balance, 

Hochschule Wismar) 

 𝑯𝒆𝒂𝒕 𝒍𝒐𝒔𝒔𝒆𝒔 𝒅𝒖𝒆 𝒕𝒐 𝑪𝑶 𝒈𝒂𝒔𝒆𝒔 (
𝒌𝑱

𝒔
) =  𝟐𝟐, 𝟓𝟕 𝒙 (

𝟏𝟑𝟏𝟑𝟎𝟎

𝑳𝑯𝑽
−

𝟏) 𝒙 (
% 𝑪𝑶

% 𝑪𝑶𝟐+%𝑪𝑶
) 𝒙 (

𝑸 𝒊𝒏

𝟏𝟎𝟎
) 

 𝑯𝒆𝒂𝒕 𝒍𝒐𝒔𝒔𝒆𝒔 𝒅𝒖𝒆 𝒕𝒐 𝑪𝑶 𝒈𝒂𝒔𝒆𝒔 (
𝒌𝑱

𝒔
) =  𝟐𝟐, 𝟓𝟕 𝒙 (

𝟏𝟑𝟏𝟑𝟎𝟎

𝟒𝟐𝟕𝟎𝟕
−

𝟏) 𝒙 (
𝟎,𝟎𝟎𝟓𝟒%

𝟔%+𝟎,𝟎𝟓𝟒%
) 𝒙 (

𝟐𝟎𝟎𝟒,𝟖𝟔

𝟏𝟎𝟎
) = 𝟎, 𝟖𝟓𝟏

𝒌𝑱

𝒔
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D. Soot (Background Information on Black Carbon Emissions 

from Large Marine and Stationary Diesel Engines – 

Definition, Measurement Methods, Emission Factors, and 

Abatement Technologies, CIMAC, 2012) 

 

 𝑺𝒐𝒐𝒕 𝑯𝒆𝒂𝒕 𝑳𝒐𝒔𝒔𝒆𝒔 =  (
𝒌𝒋

𝒔
)  𝑭𝒖𝒆𝒍 𝑪𝒂𝒓𝒃𝒐𝒏 𝑬𝒎𝒊𝒔𝒔𝒊𝒐𝒏 𝒙 𝑪 𝒆𝒏𝒕𝒉𝒂𝒍𝒑𝒚 

It is necessary to use graph 2 in order to determine the 

specific fuel carbon emission (in gr Carbon / kg fuel 

being used). The value is depends on the smoke number 

of exhaust gas. In this case the smoke number was 0,27 

and the steps to determine the fuel carbon emission is 

shown below: 

 

Graph IV.1 Specific Black Carbon Emission (CIMAC, 2012) 

From the graph above, the number of specific fuel carbon 

emission is 0,13 gr Carbon / kg Fuel being used. 

 𝑺𝒑𝒆𝒄𝒊𝒇𝒊𝒄 𝑭𝒖𝒆𝒍 𝑪𝒂𝒓𝒃𝒐𝒏 𝑬𝒎𝒊𝒔𝒔𝒊𝒐𝒏 = 𝟎, 𝟏𝟑
𝒈𝒓 𝑪𝒂𝒓𝒃𝒐𝒏

𝒌𝒈 𝑭𝒖𝒆𝒍
 

 𝑭𝒖𝒆𝒍 𝑪𝒂𝒓𝒃𝒐𝒏 𝑬𝒎𝒊𝒔𝒔𝒊𝒐𝒏 = 𝟎, 𝟏𝟑
𝒈𝒓 𝑪𝒂𝒓𝒃𝒐𝒏

𝒌𝒈 𝑭𝒖𝒆𝒍
 𝒙 𝟏𝟔𝟗

𝒌𝒈𝑭𝒖𝒆𝒍

𝒉𝒐𝒖𝒓
=

𝟐𝟏, 𝟗𝟕
𝒈𝒓 𝑪𝒂𝒓𝒃𝒐𝒏

𝒉𝒐𝒖𝒓
 

 𝑯𝒆𝒂𝒕 𝑳𝒐𝒔𝒔𝒆𝒔 𝒅𝒖𝒆 𝒕𝒐 𝑺𝒐𝒐𝒕 = 𝑭𝒖𝒆𝒍 𝑪𝒂𝒓𝒃𝒐𝒏 𝑬𝒎𝒊𝒔𝒔𝒊𝒐𝒏 𝒙 𝑪 𝑬𝒏𝒕𝒉𝒂𝒍𝒑𝒚 

 𝑯𝒆𝒂𝒕 𝑳𝒐𝒔𝒔𝒆𝒔 𝒅𝒖𝒆 𝒕𝒐 𝑺𝒐𝒐𝒕 = 𝟐𝟏, 𝟗𝟕
𝒈𝒓𝑪𝒂𝒓𝒃𝒐𝒏

𝒉𝒐𝒖𝒓
 𝒙

𝟏

𝟑𝟔𝟎𝟎
 𝒙 𝟎, 𝟏𝟒𝟏𝟒

𝒌𝑱

𝒈𝒓
=

𝟎, 𝟎𝟎𝟎𝟗
𝒌𝑱

𝒔
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4.2 Input energy goes to the engine 

The results of calculation of input energy goes to the engine is 

shown at graph 4.2. The results shows the input energy in kJ/s 

at 50% until 90% engine load.  

 

Graph IV.2 Fuel Input Energy 

Graph 4.2 shows the input energy goes into the engine. The 

highest energy input was occurred at  90% load which indicates 

the value of 2153,15 kJ/s with mass flow rate of fuel of 181,50 

kg/hour. The graph trend shows as engine load went higher, the 

fuel input energy also became higher. It was due to the mass 

flow rates of the fuel which also increased and the engine would 

require a higher amount of the fuel to produce a higher rated 

power 

4.3 Heat released to cooling system 

The results of the calculation of heat released to cooling system 

is shown in graph 4.3 and graph 4.4. The results of calculation 

was made from 3 main components of cooling system which 

are jacket water cooler, lubricating oil cooler, and scavenge air 
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cooler. It shows the heat released to cooling system at 50% until 

90% engine load. 

Graph 4.3 shows the total heat released to cooling system. It can 

be seen as the engine load went higher, the heat released to 

cooling system also became higher. It was due to the higher 

mass flow rates of the coolant and also, at high engine load 

operation, there was a more homogenous temperature 

distribution throughout  combustion chamber and makes a 

higher combustion temperature and more complete combustion 

inside the cylinder. This phenomenon gives a results to more 

heat transfer to the cylinder walls and a fewer uncombusted 

products carried out to exhaust gas (Wallace, 2007) 

 

Graph IV.3 Total Heat Released to Cooling system 

Graph 4.4 shows the percentage of heat released to the cooling 

system. The percentage means the ratio between heat released 

to cooling system and energy input goes to the engine. The 

highest percentage of heat released to cooling system has 

happened at 60% load, which indicates the value of 26,374%. 
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The graph has a trend that the percentage of energy released to 

cooling system reduced as the engine load went higher. Low 

load operations of diesel engines cause a lower cylinder 

pressure and thus, lower combustion temperature occurred. The 

results of low temperature might lead to an ignition problem 

and a poor combustion which causes an increased amount of 

unburned fuel inside the cylinder. Thus, this phenomenon leads 

to a lower efficiency of the engine. And instead distributed to 

the shaft (as useful work), there was more energy which 

distributed to the cooling system and exhaust gas. 

 

Graph IV.4 Percentage of heat released to cooling system 

4.4 Heat Released to Exhaust Gas 

The results of calculation of heat released to exhaust gas are 

shown in graph 4.5 and graph 4.6. Graph 4.5 shows the total 

energy released to exhaust gas (in kJ/s), while graph 4.6 shows 

the percentage of heat released to exhaust gas at each engine 

load. The results calculate how much energy is distributed as 

heat to the exhaust gas by measuring the mass flow rates of 
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exhaust gas and exhaust temperature after turbocharger. It 

shows the thermal energy losses of exhaust gas at 50%-90% 

engine load. 

Graph 4.5 shows the total energy that released to exhaust gas at 

50% until 90% engine load. The graph shows that a higher 

engine load will give a result to a higher energy transferred to 

the exhaust gas. It was due to the higher exhaust gas mass flow 

rates. In high engine operation, there will be a higher amount of 

fuel injected into engine’s cylinders. And to maintain the air-

fuel ratio in relatively constant value, the amount of inlet air 

also needs to be increased. Since mass flow rates of exhaust gas 

equal to the summation of mass flow rates of fuel and air, its 

value also would be increased as well.  

 

Graph IV.5 Energy released to exhaust gas 

Graph 4.6 shows the percentage of energy which released to 

exhaust gas at 50% until 90% engine load. It can be seen from 

the graph 7 that the energy released to exhaust stay on the 
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relatively constant fluctuation which varies from 29% until 

31% of the total energy.  

The high load operation has slightly lower percentage energy 

released to the exhaust gas. It might be explained because the 

highest turbocharger efficiency was occured, typically, at 80-

85% engine load. And it can be seen from the graph that the 

lowest heat released of exhaust was occurred at 80% engine 

load. Thus, this phenomenon would produce a higher engine 

efficiency and useful work transferred to the engine’s shaft and, 

moreover, less wasted energy transferred to the exhaust gas. 

At high engine load, it also had a slightly lower exhaust gas 

temperature after turbocharger. It might be explained because, 

at high engine load, there was a higher mass flow of exhaust 

gas that flow into exhaust gas turbine. And it means there was 

a higher energy that utilized by the exhaust gas turbine instead 

of released to exhaust gas. And it gave a results to a lower 

exhaust temperature after turbocharger. 

 

Graph IV.6 Precentage of energy released to exhaust gas 
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4.5 Chemical Losses of Exhaust Gas 

This part will explain the results of chemical losses which 

obtained by analyzing the combustion products inside the 

exhaust gas. The substances consist of NOx gasses, 

Hydrocarbon, CO gasses, and soot. The calculation was made 

to determine how much the energy lost due to the formation of 

those substances. And the graphs will show the total production 

and also the percentage of energy lost due to the formation of 

those substances. The percentage means the ratio between 

energy lost due to the substances compares to the fuel input 

energy. 

4.5.1 NOx Gases 

Graph 4.7 and graph 4.8 shows the total energy and 

percentage of energy lost due to the formation of NOx 

gasses. In this case, NOx gasses was the summation of NO2 

and NO gasses. But almost 95% of the composition was NO 

gasses. 

 

Graph IV.7 Production of NOx gases 
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Graph 8 shows the total production of NOx gasses. It can 

be seen from the graph as the engine load increased, the 

production also became increased. It might be explained 

because a high engine load operation tends to have a higher 

combustion temperature. As we know, that NOx gasses is 

produced by the chemical reaction between nitrogen and 

oxygen at high temperature.  

 

Graph IV.8 Energy lost  due to NOx gases 

4.5.2 Hydrocarbon 

Graph 4.9 and graph 4.10  shows the total production and 

percentage of energy lost due to the unburned fuel material 

that analyzed by measuring hydrocarbon inside the 

exhaust gas. Graph 4.9 shows that as the load became 

higher the production of hydrocarbon was increased. Even 

though the composition of hydrocarbon inside the exhaust 

gas (in units of ppm) was reduced as the engine load went 

higher, but, the production of hydrocarbon (in gr/hour) 
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went higher due to the increased mass flow rates of the 

fuel. 

 

Graph IV.9 Production of hydrocarbon 

Graph 11 shows the percentage of energy lost due to the 

formation of hydrocarbon. Even though the production of 

hydrocarbon increased as the engine load went higher, the 

opposite things have happened to the energy lost. Because 

the total energy lost due to the hydrocarbon is relatively 

small compares to the total energy input from fuel which 

increased as the engine load went higher. And that is the 

reason why the percentage of energy due to the formation 

of hydrocarbon was decreased. 
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Graph IV.10 Energy losses due to the formation of  hydrocarbon 

4.5.3 CO gases 

Graph 4.11 and graph 4.12 show the total production of 

CO gases and the percentage of energy lost due to the 

formation of CO gases respectively. Graph 4.11 shows that 

as the load became higher the production of CO gases was 

reduced. It might be explained because, at low engine load, 

there was no enough oxygen to make a complete oxidation 

process of carbon. So instead of producing C02 gases, it 

produced CO gases. 
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Graph IV.11 Production of CO gases 

Graph 4.12 shows the percentage of energy lost due to the 

formation of CO gases. It shows that as the engine load 

became higher the percentage was reduced. It was due to 

the lower production of CO gases at higher engine load. 

 

Graph IV.12 Energy lost due to  CO gases 
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4.5.4 Soot 

Graph 4.13 shows the production of soot at 50%-90% 

engine load. It was determined by measuring the smoke 

number at each engine load. As the engine load went 

higher, it produced a lower soot production. It might be 

explained due to the higher combustion temperature at 

higher engine load. Thus, the fuel is burned more 

completely and soot production reduced. 

 

Graph IV.13 Production of soot 

Graph 4.14 shows the percentage of energy losses due to 

the formation of soot. The graph shows that the higher the 

engine load, the energy losses would be reduced. It was 

due to a lower soot production at high engine load. 
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Graph IV.14 Energy Lost due to Soot Formation 

4.6 Brake Power Ouput 

This part will explain the result of brake power output at certain 

engine load. The result was made from the calculation which 

determined by measuring the brake torque and engine rpm. The 

results are shown in graph 4.15 and graph 4.16. Graph 4.15 

shows how much the energy (in kJ/s) that converts into useful 

work at certain engine load. While graph 4.16 shows the 

percentage of energy that converts into useful work. 

 

Graph IV.15 Brake power output 

0,000000%

0,000050%

0,000100%

0,000150%

0,000200%

0,000250%

50% 60% 70% 80% 90% 100%

P
er

ce
n

ta
ge

Engine load

Energy lost due to Soot Formation

0,000

200,000

400,000

600,000

800,000

1000,000

45% 55% 65% 75% 85% 95%

P
b

, k
J/

s

Engine load

Brake Power Output



50 

 

 

 

 

Graph IV.16 Percentage of brake power output 

Graph 4.16 shows that the thermal efficiency at each engine 

load. Thermal efficiency was increasing from 50% load until it 

reached its maximum value at 80% load which indicates the 

value of 40,185%. It might be explained due to the higher 

combustion pressure, increased turbulence of air-fuel mixture 

and the fuel was injected into the cylinder at higher speed, thus, 

diesel droplets got enough time to make a complete combustion 

process and resulting in higher conversion of chemical energy 

(from fuel)  into mechanical energy. 

But, as the load increased further (to 90% load), the thermal 

efficiency has reduced. The first reason might be explained due 

to the lower efficiency of turbocharger. Because, typically, the 

highest turbocharger efficiency occurred at 80-85% engine 

load. It means that there was a higher energy that wasted to the 
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can be seen at graph 4.6 that at 90% engine load there was a 

slightly higher energy wasted to the exhaust gas than at 80% 

engine load. 

The other reason is the combustion duration. As we know that 

the engine would require a higher amount of the fuel at higher 

engine load. And It would increase the duration of injection. 

This phenomenon would reduce the duration of combustion, so 

the fuel did not have enough time to make a complete 

combustion. Thus, the complete conversion of chemical energy 

(from fuel) into mechanical energy did not take place and led to 

a lower efficiency. 

4.7 Energy Distribution 

This part shows the energy distribution of certain engine load. 

It would explain how much the energy distribution from fuel to 

the several output for example, to the shaft power output, 

cooling system, exhaust gas, and also chemical losses. The 

energy balance was measured at 50% until 90% engine load. 

The results are shown in table 4.1. 

Unfortunately, the results could not indicate 100% of energy 

balance. There were unaccounted losses that seem hard to 

measure it in real conditions. The accounted losses could 

depend on the correctness of the measuring instrument, heat 

transfer to surroundings, operating auxiliary equipment and 

also approximation formula that used in the calculation. But, it 

was set that the maximum unaccounted losses were 3%. Thus, 

if the total energy output indicates less than 97% of the total 

energy input, it could not be considered as a correct calculation.  

The results of energy distributions can be seen in graph 4.17 

and table 4.1. The results show the energy balance which 

consists of brake power output, thermal losses of exhaust gas, 
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heat released to the cooling system, chemical losses (due to 

NOx, CO gases, hydrocarbon, and soot), and heat released to 

the ambient air by convection and radiation. The average of 

energy balance indicates the value of 97,343%. The highest 

energy balance occurred at 50% engine load with the value of 

97,90%. And the lowest value occurred at 70% engine load 

which indicates the value of 97,15%. 

 
Graph IV.17 Energy Distribution from 50% until 90% engine load 

Table IV.4 Energy Balance from 50% until 90% engine load 
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APPENDIX 

 

1. Data from Engine Test at 50% Load 
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2. Data from engine test at 80% load 
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3. Data from engine test at 60%, 70%, and 90% engine load 

    Load  60,42% 70,15% 89,91% 

Nr     Messgröße Einheit 11:17 15:15 11:04 

1 m   Umgebungsluftdruck kPa 1005,6 1016,5 1025,9 

2 m   Luftfeuchte % 59,4 34 35,8 

3 m   Raumtemp. °C 24,8 24,7 23,8 

4   1/8 Motordrehzahl min-1 802 800,6 868,9 

5   1/9 Bremmsleistung kW 580 673,4 863,1 

6   1/10 Füllung % 70,7 76,6 85,1 

7   2/1 Abgastemperatur Zyl. 1 °C 326,4 333,3 334,6 

8   2/2 Abgastemperatur Zyl. 2 °C 309,9 334,7 341,6 

9   2/3 Abgastemperatur Zyl. 3 °C 323,4 335 340 

10   2/4 Abgastemperatur Zyl. 4 °C 319,1 327,4 331,3 

11   2/5 Abgastemperatur Zyl. 5 °C 322,2 319,5 339,1 

12   2/6 Abgastemperatur Zyl. 6 °C 305,1 313,6 313,9 

13    Abgastemperaturen Durchschnitt °C 317,68 327,25 333,42 

14   2/7 Abgastemp. Vor ATL °C 449 465,6 460,1 

15   2/8 Abgastemp. nach ATL °C 371,3 323,3 341,3 

16 m 2/9 Druck vor ATL bar 0,6 0,8 1,3 

17   2/10 Druck nach ATL bar 0,1 0,1 0,1 

18   2/11 Drehzahl ATL min-1 26706 28906 33856 

19   3/3 HT Temp. Zyl. 1 °C 75 74,4 76 

20   3/4 HT Temp. Zyl. 2 °C 75,7 75,2 76,8 

21   3/5 HT Temp. Zyl. 3 °C 75,8 75,3 76,8 

22   3/6 HT Temp. Zyl. 4 °C 75,7 75,2 76,8 

23   3/7 HT Temp. Zyl. 5 °C 75 74,4 76 

24   3/8 HT Temp. Zyl. 6 °C 114,9 76,3 79,5 

25    HT Temp. Durchschnitt °C 82,02 75,13 76,98 
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26   3/10 HT Temp. vor Kühler °C 78 73,2 79,5 

27   3/11 HT Temp. Nach Kühler °C 73,6 77,8 74,8 

28   3/12 Volumenstrom HT Motor m³/h 40,1 39,9 43,3 

29   4/1 Temperatur vor LLK °C 30,5 34,8 37,7 

30   4/2 Temperatur nach LLK °C 33,1 38,3 43 

31   4/3 LT Temp. vor Ölkühler °C 33,1 38,3 43 

32   4/4 LT Temp. nach Ölkühler °C 37,2 42,9 47,5 

33   4/5 LT Temp. Nach Zentralkühler °C 44 50,5 54,7 

34   4/7 Volumenstrom LT für Ölkuehler m³/h 24,3 24,7 27,4 

35   4/8 Druck Kühlwasser bar 3 2,9 3,3 

36   5/1 Öldruck nach Pumpe bar 3,4 3,1 3,3 

37   5/2 Öltemperatur nach Pumpe °C 69,8 71,9 71,2 

38   5/3 Öltemperatur vor Kühler °C 69,8 71,9 71,2 

39   5/4 Öltemperatur nach Kühler °C 59,2 60,2 61,5 

40   5/6 Öldruck vor Mootor bar 3,1 2,9 2,9 

41   5/7 Öltemperatur vor Motor °C 59,4 59,7 60,8 

42   5/8 Volumenstrom Öl  m³/h       

43   6/1 Temperatur vor ATL °C 24,8 24,7 23,8 

44   6/2 Temperatur vor LLK °C 103,3 125 149 

45   6/3 Temperatur nach LLK °C 40,5 47,6 51,2 

46  6/4 Druck nach LLK bar 0,9 1,1 1,7 

47               

48 m 6/7 Volumestrom Ladeluft m3/h 3521 4058 5450 

49   7/4 Brennstoffverbrauch kg/h 124,8 142,3 181,5 

50               

51   2/25 O2      Gehalt Abgas Vol.% 13 12,9 13,41 

52     CO     Gehalt Abgas ppm 144,02 95,4 43,81 

53   2/26 CO2    Gehalt Abgas Vol.% 5,7 5,78 5,4 

54   2/27 SO2    Gehalt Abgas Vol.%       
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55   2/29 THC    Gehalt Abgas ppm 66,48 63,35 52,85 

56     NO      Gehalt ppm 962,38 932,89 847,24 

57     NO2    Gehalt ppm 34,61 33.55 30,474 

58   2/32 NOx  Gehalt abgas ppm 996,99 966,45 877,71 

59     Rußzahl   0,58 0,4 0,22 
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4. Exhaust gas emissions from engine’s manual (MAN 

B&W) 
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5. Standard enthalpy formation for various compounds 

(Thermodynamics, Combustion, and Engines, Milton E.) 
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6. Properties of fresh water (engineering toolbox.com) 
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7. Specific of exhaust gas, air,  H20 and water vapour 

contents  (Principles calculation of energy balance, 

Hochscule Wismar) 
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CHAPTER V   
CONCLUSION AND RECOMMENDATION 

 

This chapter will focus on conlclusions that were made based 

on the results and analysis that obtained from the MAN 6L 

23/30 engine test. This chapter also will give a recommendation 

regards to determine in which engine load the energy balance 

would be optimal. Also, the goals and objectives thtat were 

outlined in chapter 1  will be discussed to show how well the 

work in this thesis met the expecatations.  

The purpose of performing an energy balance study for engine 

MAN 6L 23/30A was achieved by accomplishing the main 

tasks: collecting the previous engine’s data, developing a 

calculation program, preparing the laboratory work, running 

and collecting the required data from the engine test, and 

making an analysis and report regarding to the energy balance 

of diesel engine. The details of these steps have been described 

at the previous chapters and in general they were all have 

already accomplished 

5.1 Energy Distribution Conclusions 

The results of the energy balance comparison that were 

modeled at 50%-90% engine load are shown in graph 3 until 

graph 18. Graph 18 shows all the energy distribution to the 5 

areas (brake power output, cooling system, exhaust gas, 

chemical losses, and ambient air). The results indicate that the 

average value of the energy balance was 97,343% of the total 

energy. It can be concluded that the results were qualified with 

the minimal value that already set before (97%).  

The 100% fuel energy was distributed with the average value 

of 39,67% , 26,14%, and 30,04% to the brake power output, 
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cooling system, and exhaust gas respectively. While the energy 

lost distribution to ambient air and chemical losses was found 

to be quite small compares to the three areas which mentioned 

before. And the unaccounted indicates an average value of 

2,70% of the total energy. 

From graph 17 it can be seen that as the engine load goes higher 

the energy converted into useful work also become increased. 

It means that the brake thermal efficiency of the engine also 

increased as the engine load goes higher. The highest 

percentage of energy that converts into useful work occurred at 

80% engine load which indicating the value of 40,185% of the 

total energy. The phenomenon might be explained due to the 

increased turbulence of air-fuel mixture when the engine was 

operated at higher engine load. Thus, it leads to the more 

homogenous temperature distribution inside the combustion 

chamber and results in more complete combustion. 

Graph 5 and graph 7 shows the percentage of energy released 

to the cooling system and exhaust gas respectively. The graph 

has a trend that the percentage of energy released to the cooling 

system and exhaust gas has reduced as the engine load went 

higher. It means that, at a higher engine load operation, 

occurred a more efficient combustion. And there was more 

energy that converted into useful work rather than released to 

cooling system or exhaust gas. 

Graph 8 until graph 15 shows the production substances and 

percentage of chemical energy losses. The chemical substances 

that considered for the calculation are NOx gases, CO gases, 

hydrocarbon, and soot. The results have a fluctuating trend. For 

example, NOx gases production would be increased as the 

engine load went higher due to the high combustion 
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temperature. But, for CO gases, and soot the production of those 

substances reduced as the engine load went higher. 

Thus, in order to make a good conclusion for chemical losses, 

the summation of energy lost due to the NOx gases, CO gases, 

hydrocarbon, and soot was made. It is shown in the graph 19. 

The graph trend shows that as the engine load went higher the 

energy lost due to chemical losses was reduced. It might be 

explained because at high engine load operation occurred a 

more efficient and complete combustion. And it resulted in a 

fewer uncombusted fuel material inside the exhaust gas. 

 

Graph V.1 Percentage of total chemical losses 

5.2 Recommendation for Engine Operation 

Every diesel engine operation is always expected to have a high 

engine efficiency and lower emission. But both of those things 

are tends to working in opposite direction. To gain high 

efficiency, a diesel engine must be operated in relatively high 

load. But, on the other  hands, the emission would be increased 
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as well. Thus, it becomes one of the tasks of engineer to 

determine in which range of load the engine would have a high 

efficiency and still complies with emission regulation. 

This chapter will focus to give a recommendation, based on the 

data that have been obtained from the engine test, about the 

most optimal engine operating load. Graph 17 shows the 

percentage of energy that converts into usefull work (brake 

power output). It can be seen from the graph that highest 

efficiency occured at 80% of engine load which has the value 

of 40,185% of the total energy input. 

Graph 19 shows the total percentage of chemical losses at 

certan engine load. It can be seen from the graph that the lowest 

chemical losses was occured at 90% engine load. But, if we see 

the at the thermal efficiency, it has a lower efficiency than 80% 

engine load. Thus, the second alternatives is to look at the 

chemical losses of 80% engine load.  

At 80% engine load, it has a relatively a low chemical losses. 

But, if we look at the NOx gases emission, it has a high 

production of NOx gases. Now the question is to look at the 

regulation whether it complies with the regulation or not. The 

regulation was taken from MARPOL anex VI regulation 13 

about NOx requirement controls emissions from ships. 
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figure V.1 MARPOL NOx regulation (MARPOL Anex VI, regulation 13) 

From graph 21 it can be seen that to complies NOx regulation 

at Tier II, the maximum NOx emission is 9,5 gr/kWH. If the 

value were multiplied by the engine power it becomes 8862 gr 

NOx / hour. And at 80% engine load, the total NOx emission 

shows the value of 910,2 ppm (mg NOx / kg air). And if the 

value were multiplied by mass flow rates of the air it becomes 

4787 gr NOx / hour. It means that, at the 80% engine load, the 

NOX emissions still complies with Tier II, Anex VI, MARPOL 

regulation.  
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Graph V.2 Brake Specific Fuel Oil Consumption 

The other important parameters to determine the engine 

operating area is fuel oil consumption. Graph 20 shows the 

brake specific oil consumption at 50% until 90% engine load. 

It can be seen from the graph that the lowest brake specific oil 

consumption occurred at 80% engine load. It indicates the value 

of 0,2097 kg/kwH. It might be explained because at high engine 

load occurred a high combustion temperature which leads to 

more complete combustion. Thus, it required a less amount of 

fuel to produce the rated power. 

Thus, it can be concluded the most optimal engine operating 

point is 80% engine load. It has the highest brake thermal 

efficiency. The chemical losses has relatively a low value, and 

it complies with MARPOL NOx regulation. And the most 

important, it has a lowest brake specific fuel oil consumption. 
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The brake specific fuel oil consumption indicates a slightly a 

higher value than the value which stated on the engine shop test. 

The data from shop test indicates the specific fuel oil 

consumption with the value of 0,2075 kg/kWH (with Fuel LHV 

42700 kJ/kg). So, it has a differences 0,0022 kg/kWH with the 

value from engine test. 

 

figure V.2 Data from engine shop test 

The reason beyond the differences of specific fuel oil 

consumption might be explained due to the leakages inside the 

fuel oil system. The most potential problem could occur from 

the internal leakages at fuel injection nozzle. The nozzle may 

be leaking due to a deposit build up on the nozzle or a worn out 

internal valve seat. In this case, fuel leaks directly into the 

engine’s cylinders. It would increase the fuel consumption and 

can result in an over-rich combustion during operation.  



60 

 

 

 

The other factor that could increase the specific fuel oil 

consumption is an external leakage. External leakage could 

happen along the piping circuit of fuel oil system. In general, 

external leakage is caused by improper assembly, loose 

connections, faulty gaskets, damage sealing surfaces, broken 

springs, engine vibration, and cracked bodies or housing. It 

could be repaired by tightening loose connections or replacing 

the damage 
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