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ABP after burning phase
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BDF bio-diesel fuel
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FPEG free piston engine generator

FQD Fuel Quality Directive

FSS fuel supply system

GENSET engine-generator

HEX heat exchanger

HNS host nation support
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HR heat release

HRR heat release rate

HVO hydrogenated vegetable oil

ICE internal combustion engine

IPCC intergovernmental panel on climate change

JF aviation fuel

MFB mass fraction burnt

MNF-NE Multinational Force North East

OSPA The Estonian Oil Stockpiling Agency

RBP rapid burning phase

RES-D  Renewable Energy Resources Directive

RHR relative heat release

SEN smart energy NATO

SFC single fuel concept

SI spark ignition

TDC top dead center

X-Road Estonian electronic-state platform

Symbols

Latin

A2 cross-sectional area of  the carburetor throat

Aafm air-fuel mixture channel heat exchange area

Af cross-sectional area of  the carburetor nozzle opening

a crankshaft radius 

An nozzle area

B bore   

Ba air consumption

Bf  fuel consumption

C specific heat quantity
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Cda carburetor throat pass coefficient

Cf carburetor nozzle pass coefficient

Cp specific heat value at constant pressure

Cv specific heat value at constant volume

Cp.afm air-fuel mixture heat capacity

Cp.air air heat capacity

Cp.fuel fuel heat capacity

Qn net heat release

e the deviation of  the readings

ep permissible limit deviation from the deviation of  the reading

Eteor amount of  the fuel energy consumed per cycle

ep maximum permissible limit deviation

Hafm air-fuel mixture channel overall heat transfer coefficient

k heat transfer coefficient

L stroke

l connection rod length

ma air mass

mafm air-fuel mixture mass flow rate

mf  fuel mass

mexh exhaust gases mass flow rate

n number of  measurements

ne rotations per minute

P1 initial pressure of  the air-fuel mixture

p1 pressure entering the carburetor

P2 final pressure of  the air-fuel mixture

p2 pressure in the carburetor throat

Pc cylinder pressure

Pe engine power

Qafm air-fuel mixture heat transfer rate
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Qave heat exchanger heat transfer rate

Qexh exhaust gases heat transfer rate

Qn net heat release

R universal gas constant

rc compression ratio

Rbs bore to stroke ratio

Rrs connection rod to stroke ratio

Sp piston speed

Tafm.in air-fuel mixture inlet temperature

Tafm.out air-fuel mixture outlet temperature

Texh.in exhaust gases inlet temperature

Texh.out exhaust gases outlet temperature

T1 air-fuel mixture input temperature

T2 air-fuel mixture autoignition temperature

tdeto air-fuel mixture detonation temperature

tenv temperature of  the test environment

tintake air-fuel mixture intake temperature

toil engine oil temperature

tv,β reliability factor

U measurement uncertainty

UA extended standard deviation

uA experimental standard deviation

UB extended type B standard uncertainty

uB type B standard uncertainty

Uc extended compound uncertainty

V1 initial volume of  the cylinder

V2 final volume of  the cylinder

Vc clearance volume

Vd cylinder displaced volume
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Vt cylinder total volume

X measurement quantity

x measurement value

xi measured value

xT probable measurement value

Greek

α crankshaft radius

αi ignition timing

β reliability

ΔTLM temperature difference logarithmic mean

λafr relative air-fuel ratio

γ isentropic coefficient

φ crank angle
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1. INTRODUCTION

In a situation of  an energy crisis or in wartime, the energy security 
of  the Estonian state is at risk. The main problems may arise with 
the distribution of  electricity and the availability of  liquid fuels. The 
operation of  electricity transmission networks, the main network and 
distribution networks and substations belonging to them are disrupted 
due to changing consumption capacities. Electricity consumption 
capacities increase when the availability of  other energy carriers 
is limited or interrupted, and attempts are made to cover the deficit 
with electricity. In addition to the increase in electricity consumption 
capacities, there is a risk of  sudden drops in consumption, which are 
related to the shutdown or deliberate violation of  already overloaded 
electricity networks. In addition to the problems of  ensuring electricity, 
the main liquid fuels, petrol (EP) and diesel fuel (DF), limited or 
interrupted supply chains to the country and problems caused by the 
lack of  electricity in liquid fuel distribution networks. Problems arising 
from energy security immediately affect the country's other security 
areas and directly the management of  the e-government, either through 
data communication core networks without electricity or due to the lack 
of  availability of  centralized e-services.

In an energy crisis situation, the ICT systems that are indispensable for 
running the country must work. The Estonian state has built a secure 
e-government, which gives state institutions, businesses, and citizens the 
opportunity to use countless services. E-government's X-road and related 
databases, state portals, electronic identity and data communication 
network of  state institutions are part of  the critical infrastructure.(SIS, 
2021). Regardless of  the situation, the country's ICT systems must be 
kept in working order, and for crisis situations, additional electricity 
generation solutions for core network nodes, databases and e-service 
servers must be found. Mobile technologies that produce electricity at 
the prescribed grid frequency and do not depend on the sun and wind 
are suitable for distributed production of  electricity. One such solution is 
generators equipped with an internal combustion engine (ICE) (Gabiña 
et al., 2019).

Engine-generators (GENSET) are mainly designed to run on EP and 
DF, to which biofuels may be added. Generators equipped with spark 



14

ignition (SI) engines are the most common generators in the world 
and in Estonia (Ericson and Olis, 2019). This small cubic capacity and 
easy to move GENSET are mostly used in households and commercial 
enterprises. The main reason is their cost, reliability, and structural 
simplicity. Compared to the compression ignition (CI) GENSET, they 
have a lower mass and therefore a higher weight to power ratio (kW/
kg) and less starting problems in cold conditions. At the same time, the 
SI engine has been developed to work with light fractional fuels such as 
EP or ethanol (EF). Engines must be modified to run on liquid fuels 
such as jet fuel (JF), DF and bio-diesel fuel (BDF). The problems arise 
from the fuel supply system, which is unable to prepare a high-quality 
air-fuel mixture from liquid fuels of  different viscosity and volatility, and 
from the low compression ratio of  the engine. A poor-quality air-fuel 
mixture does not burn efficiently in the engine cylinder. As a result, the 
engine may not start or its operation may be unstable, and the amount 
of  harmful components of  exhaust gases and fuel consumption will 
increase.

Directives related to liquid fuels have been approved in the European 
Union, which significantly affect our daily life (EU/Com, 2016; EU/
Dir, 2018; EU/Dir 2004, 2004; Küüt et al., 2017) and the near future, 
and due to the principles of  energy use adopted in NATO, it is known 
exactly which fuels are used in crisis situations of  a military nature. 
(NATO, 2019, 1997). For this purpose, there is JF (Pera, 2005) and, at the 
moment, DF, which is still somewhat decreasing in importance. At this 
point, it is important to mention that biofuels (BF) are also important 
fuels in a crisis situation.

In conclusion, it can be said that, firstly, JF, DF and BF are mainly used in 
a military crisis situation, and secondly, that there are a lot of  EP-working 
SI GENSETs in the country, which can be requisitioned from citizens 
and the private sector, but which do not work with all available liquid 
fuels in a military crisis situation. However, if  the existing GENSETs are 
used in a crisis situation, the energy supply can be improved in the most 
important hubs related to the crisis.

In order to solve the previously described problem, within the framework 
of  this doctoral thesis, an additional device was developed for the spark-
ignition petrol engine, which was able to prepare an air-fuel mixture 
from different fuels in such a way as to ensure the stable operation of  
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the spark-ignition engine at different loads. The developed solution 
can be applied in a crisis or war situation to generate electricity with 
GENSETs, using currently available liquid fuel.

This solution is necessary in order to keep the country's ICT systems in 
operation in the absence of  electricity and interruptions in the supply of  
liquid fuels, to support the provision of  self-defence capability (HNS), 
which is the responsibility of  the host country, until NATO Article 5, 
i.e., comprehensive joint military operations, starts (RT, 1994).
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2. THE AIM AND TASKS OF THE STUDY

One way to improve energy security in an energy crisis situation or 
wartime is to use existing ICE-equipped generators and available fuels 
in a crisis. The aim of  the work was to develop a system for processing 
an air-fuel mixture formed from different SI and CI liquid fuels for an SI 
engine and to evaluate the suitability of  the developed system in practice.

To achieve the goal of  the research, the following tasks were set:

1. To provide an overview of  the impact of  EU and NATO legislative 
acts on the liquid fuels used today and in the near future, and to 
analyse their significance in a crisis situation.

2. To analyse solutions for solving problems related to energy security 
in Estonia.

3. To analyse the use of  DF and BDF in the CI engine and to point out 
the bottlenecks in the use of  the aforementioned fuels.

4. To develop a technical solution for an AFM processing system made 
of  different liquid fuels on an SI engine.

5. To improve the developed solution to a level that allows carrying out 
SI engine tests.

6. To process and to analyse data obtained during engine tests.
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3. REVIEW OF THE LITERATURE

3.1. The impact of  EU and NATO regulations on liquid fuels 
sold in Estonia

EU renewable energy sources (RES-D) (ED 2009/28/EC) and fuel 
quality guidelines (FQD) (EU/Com, 2016) determine the minimum 
amount of  BF to be added to engine fuels used in the transport sector. 
EU guidelines (EU/Com, 2016; EU/Dir, 2018) can be supplemented 
domestically, for example in terms of  quality requirements (RT, 2019, 
2016) or in relation to winter conditions (EVS, 2017). Due to the 
requirements, fuel sellers prepare fuel mixtures in a volumetric ratio. The 
simultaneous fulfilment of  the conditions of  both the above-mentioned 
RES-D and FQD directives has proven to be problematic, because 
mainly first-generation biofuel (BF) is used, which does not guarantee 
RES-D fulfilment. Based on FQD, EP (E0, E10) and DF (B0, B7) are 
mainly used in Estonia. B7 is a mixture of  DF and fatty acid methyl 
ester (FAME) or hydrogenated vegetable oil (HVO). Among the liquid 
fuels, HVO is also available. The mentioned liquid fuels and their stock 
in Estonia are a potential source of  energy in a crisis situation. At this 
point, it is important to mention the strategic fuel reserve of  the Estonian 
state. Estonia is a maritime country and in a crisis situation maritime 
traffic through the economic zone is limited. Three main routes in the 
south are to be used to transport liquid fuels to the country, before 
military superiority is achieved in the Baltic Sea and the Gulf  of  Finland. 
In Estonia, EP and DF without bio-additives are stored. Engine fuel 
reserves are calculated for 90 days, and the fuels are divided according to 
the statistical preference of  Estonian consumers. 50%- or 45-days’ stock 
is scattered in different locations in Estonia. EF and HVO are brought 
into the country and mixed into standard engine fuel on site (OSPA 
2021). Accordingly, the fuels used in a crisis situation are EP (E0, E10) 
and DF (B0, B7), biodiesel fuel (BDF) FAME and HVO, and methanol.

In addition to EU influences, NATO's energy security must be taken 
into account. The main idea of  NATO's energy security is to reduce 
member states' dependence on Russian energy and to protect the energy 
sector, including in cyberspace and physically, using conventional warfare 
if  necessary (Grubliauskas, 2014). The principles of  energy security 
are supplemented and partially specified by the Smart Energy (SEN) 
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concept (NATO, 2019) and the Single Fuel Concept (SFC) (Pera, 2005). 
The SEN documents describe in more detail the use of  renewable and 
bioenergy and their use in military operations. From the point of  view 
of  Article 5 of  NATO, achieving and maintaining complete military air 
superiority is important. The Air Command Component (ACC), more 
precisely the Air Force, is the largest consumer of  liquid fuel (Bartis 
and Van Bibber, 2011) and, due to priority, the fuel of  the Maritime 
Command Component (MCC) and Land Command Component(LCC) 
is developed according to the Air Force, i.e. the single fuel concept (SFC) 
is directly related to the Air Force and the transition to jet fuel (JF). JP-8 
is known as Jet A-1 in civil aviation and is used with additives by the Air 
Force, Navy, and Army.

Fossil fuel is predominantly used on the battlefield, but suitable renewable 
energy technologies are also being searched for, tested and developed. 
Solar panels and wind generators are in use, but there are no synthetic 
liquid fuels at a suitable price for airplanes, the largest consumers of  
liquid fuel. Depending on the task, bomber and fighter aircraft have 
a high total and momentary energy consumption, which is currently 
not yet possible to ensure with alternative energy carriers or sources. 
Consequently, not all solutions based on renewable energy are suitable 
for NATO (Petkevičius, 2020). At the moment, the price of  fossil fuel is 
more favourable compared to alternative liquid fuels and therefore the 
fuel is not changed. In addition, the technologies for synthesizing liquid 
fuels are relatively new and at the stage of  development, which is why 
the cost price of  their production is high. Without support mechanisms, 
the price of  synthesized liquid fuel is relatively expensive for the end 
consumer and therefore it is not economically beneficial to consume 
them at the moment (Perner et al., 2018; Sterner and Stadler, 2014). 
However, NATO has clearly assessed that synthetic methanol and oils 
are quite promising liquid fuels, and in the future, they can definitely 
partially replace, and in the long run can completely replace, fossil JF. 
The arguments put forward in favour of  synthetic methanol are: (1) 
long-term storage that does not require rebuilding of  already established 
infrastructure; (2) it is a liquid fuel, the refuelling of  which is quick and 
relatively safe, even in the air; (3) existing aircraft do not need to be 
modified, because the power system and internal combustion engines 
are suitable for the use of  methanol; (4) the cold resistance of  methanol 
without additives, which is necessary at higher flight altitudes and (5) 
the sufficient energy content of  the liquid fuel to perform the tasks. 
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Methanol (CH3OH) is synthesized from carbon dioxide (CO2) and 
hydrogen (H2) (Bartis and Van Bibber, 2011; Lauf, 2020a, 2020b).

In conclusion, we can say from NATO's effects that operational units 
will definitely consume aviation fuel in relation to SFC for the next 
two decades, and methanol as an alternative liquid fuel will not be used 
anytime soon. The territory of  Estonia is the area of  NATO MNF-NE 
(Multinational Force-Northeast) joint operations (JOA), and before 
NATO Article 5 is triggered, there are only some fighter jets and their 
fuel at the Ämari airbase in the Estonian territory as part of  the air 
policing mission. Therefore, in a crisis situation and during a state of  
war, the supply of  JF to aircraft can remain at the peacetime level or 
be interrupted. NATO's liquid fuel reserves in Estonia are primarily 
intended to supply units of  the air policing mission, and the actual 
quantities of  JF fuel are unknown. Depending on the development of  
the operation, a larger amount of  JF fuel can reach us either by land or 
by sea, but only after the Line of  Communications (LoC) is secured. 
Even if, during a crisis, JF fuel is allocated as part of  HNS, certainly not 
for GENSET to support critical infrastructure, because NATO units do 
not have the means for this.

To summarize the effects of  the EU and NATO, we can say that in 
peacetime EP and DF are used in Estonia without additives and with 
bio additives. The biocomponents of  liquid fuels, ethanol and HVO, are 
delivered, and only the amount necessary to mix the liquid fuel with bio-
additives is stored on site. In times of  crisis and war, strict restrictions 
are imposed on the sale of  liquid fuels, and EP and DF biocomponents 
are unlikely to be added. Therefore, it must be taken into account that 
under limited conditions, EP and DF can be used as liquid fuels, both 
from the stocks of  fuel retailers, as well as from the state's strategic fuel 
reserve and the amount of  bioethanol and HVO already delivered to the 
country. In addition to existing liquid fuel reserves, Estonia has the ability 
to produce BDF like FAME, as the corresponding raw materials and 
technology are available locally. Probably, no other BF will be added to 
the list of  aforementioned fuels in the next ten years, and the production 
of  synthesized methanol or oil in Estonia will remain in the distant future. 
In addition, the Estonian Defence Forces and pre-positioned NATO 
units use locally stored wartime reserves, or DF. JF fuel for aircraft may 
be available early in the crisis, but additional quantities will arrive in the 
country with the Maritime and Land Command Components of  the 
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NATO MNF NE. Finally, in a crisis and war situation, we have EP, 
DF, EF, JF, HVO and FAME liquid fuels to use, and energy production 
solutions to support the country's critical infrastructure must be prepared 
for the consumption of  these liquid fuels.

3.2. Energy security solutions in a crisis situation

Part of  Estonia's peacetime electricity is produced from oil shale, and 
in the case of  a sharp increase in consumption load, additionally from 
natural gas with a GENSET to cover the short-term electricity deficit. If  
the weather conditions permit, the electricity generated from the wind 
and the sun will be added to the existing electricity. It is difficult to 
forecast the share of  wind and solar energy in electricity distribution 
networks for a crisis situation. Wind and sun can cause sudden changes 
in the transmission of  electricity, which can be expressed, for example, 
in a sharp underproduction and is therefore an additional bottleneck 
for electricity production. Since the use of  fuels is rationed in a crisis 
situation, including natural gas, it is not known what will be used to 
cover the shortfalls of  electricity and what exactly will be the decisions 
regarding the transmission of  electricity produced from renewable 
energy to the grid.

Renewable energy can be stored and later used in mobile solutions as 
well. One possible energy carrier is hydrogen, which is used in a fuel cell 
(FC). If  the FC is loaded stably up to 50% of  the rated power under 
normal conditions, no additional systems are needed to operate the FC 
in mobile applications (Yue et al., 2021). For larger loads, it is necessary 
to use a cooling system, and an additional electrical energy store such 
as a battery or capacitor is needed to smooth out sudden load changes. 
Additional electricity storage is necessary to cover the sharply rising 
consumption load, as the FC is optimized for the average electricity 
consumption of  the consuming system (Haseli, 2018; Sorensen and 
Spazzafumo, 2018), mainly due to the high cost of  the components 
included in the FC (Lohse-Busch and Stutenberg, 2018; Zhang et al., 
2018). Since hydrogen and fuel cells are not widespread in the current 
situation, in a crisis situation the use of  such systems would be limited 
and would not ensure sufficient electricity production in ICT network 
nodes.
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Gaseous fuels can be used in addition to liquid engine fuels in an internal 
combustion engine connected to an electric generator. To use gas fuel, 
a fuel supply system (FSS) with a gas tank must be added to the engine. 
Gas fuels such as propane-butane (LPG) and methane (CNG) can be 
filled at gas stations of  various major fuel sellers in Estonia. Based on 
this, it can be assumed that a certain gas reserve exists in the country. 
In addition, there is a certain biogas production capacity in Estonia, but 
the sustainable gas production capacity in a crisis situation is not known. 
At the beginning of  a crisis situation, gaseous fuel may be available 
for a short period of  time and can be used to support energy security. 
But considering the size of  the gas fuel market, it can be said that the 
consumer base is small, and as a result, the use of  gas fuels in a crisis 
situation will be short-term.

A promising internal combustion engine solution is the free-piston 
engine (FPE), whose research has intensified precisely in connection 
with the introduction of  electric and hybrid cars. When combined with 
a generator, it is a light and compact power source (FPEG) (Jia, Tian, et 
al. 2015; Jia, Zuo, et al. 2015). FPEG has no crankshaft, and the piston 
moves freely back and forth in the engine cylinder. With permanent 
magnets attached to the piston, electrical energy is generated as a result 
of  the movement of  the piston. The advantage of  FPEG is a lower 
frictional resistance, a fast combustion process and a compression ratio 
that can be changed during operation (Raide et al., 2017). By changing 
the compression ratio rc, the engine is adapted to the fuel used, which 
is why they can use different fuels without major engine upgrades. 
FPEG has fewer wearable tear parts, making maintenance significantly 
cheaper and easier. It is important to note that FPEG only works with 
very precisely controlled engine loads, and even the slightest change in 
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2015b). Since controlling the FPE piston is still technically complex, 
this is the main reason why these power sources cannot be used, for 
example, in cars or for the production of  electricity. At the same time, 
several parameters stand out when describing FPE, the application of  
the principle of  which would allow the use of  different fuels in a low-
compression piston engine. Figure 1 shows the speed of  movement of  
the FPE piston depending on the volume of  the cylinder. (I)
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Figure 1. Compared FPE and IC engine piston velocity and piston stroke (I; Xiao et 
al., 2010). 

Since the FPE compression ratio 𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐 changes when the engine is running 
and the combustion process is fast, a similar situation must be created 
in a conventional engine where the temperature rise in the cylinder is 
sufficient to ignite different fuels. From Figure 1, it can be seen that in 
FPE, the speed of movement of the piston 𝑆𝑆𝑆𝑆𝑝𝑝𝑝𝑝 from point A to point B 
is higher compared to a conventional engine. Higher piston movement 
speed 𝑆𝑆𝑆𝑆𝑝𝑝𝑝𝑝 is due to higher AFM combustion speed 𝑄𝑄𝑄𝑄𝑛𝑛𝑛𝑛 and higher 
combustion pressure 𝑃𝑃𝑃𝑃𝑐𝑐𝑐𝑐 in the cylinder. Since the temperature increase 
in the cylinder is related to the compression ratio 𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐, it is difficult to 
change the compression ratio 𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐 in the working process on conventional 
piston engines, and it is unreasonable to implement it in the case of a 
GENSET with a small working capacity. At the same time, AFM 
ignition and combustion temperature can be influenced by external 
factors, for example by increasing the temperature of the AFM directed 
to the engine. Because it is an isentropic compression process, where the 
mass 𝑚𝑚𝑚𝑚 of the substance in the process and the specific heat ratio 𝑘𝑘𝑘𝑘 are 
constant quantities 𝑘𝑘𝑘𝑘 = 𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝

𝐶𝐶𝐶𝐶𝑣𝑣𝑣𝑣
= 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐, and as a result, the adiabatic 

coefficient of isentropic process is unchanged. Therefore, the 
relationship holds where the AFM inlet temperature 𝑇𝑇𝑇𝑇1 is directly related 
to the AFM autoignition temperature 𝑇𝑇𝑇𝑇2. We can improve AFM ignition 

6 

and combustion by heating the AFM. The variable cylinder volume is 
related to the initial temperature 𝑇𝑇𝑇𝑇1 of the system and the final 
temperature 𝑇𝑇𝑇𝑇2 of the AFM compression, and is expressed as (J. B. 
Heywood, 2018): 

 𝑇𝑇𝑇𝑇2
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The main problem when using different fuels in low compression ratio 
𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐 engines is AFM ignition. For CI engine fuels, such as DF, it is 
important to increase the temperature 𝑇𝑇𝑇𝑇1 in the engine cylinder above 
their autoignition temperature. This would ensure that the AFM ignites, 
but the combustion of the AFM in the cylinder may not be stable 
(detonating combustion). Therefore, it is important to model at what 
initial AFM temperatures the AFM temperature 𝑇𝑇𝑇𝑇1 rises high enough as 
a result of compression to ensure AFM autoignition. It is important that 
the lighter fractions of the fuels evaporate faster than the heavy 
fractions, and ignition of the AFM with a spark plug becomes possible 
at a temperature lower than the autoignition temperature of the fuel. 
Spark ignition AFM ignition would be the expected solution to control 
the combustion process and avoid detonating combustion in the 
cylinder. 
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The main problem when using different fuels in low compression ratio 
𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐 engines is AFM ignition. For CI engine fuels, such as DF, it is 
important to increase the temperature 𝑇𝑇𝑇𝑇1 in the engine cylinder above 
their autoignition temperature. This would ensure that the AFM ignites, 
but the combustion of the AFM in the cylinder may not be stable 
(detonating combustion). Therefore, it is important to model at what 
initial AFM temperatures the AFM temperature 𝑇𝑇𝑇𝑇1 rises high enough as 
a result of compression to ensure AFM autoignition. It is important that 
the lighter fractions of the fuels evaporate faster than the heavy 
fractions, and ignition of the AFM with a spark plug becomes possible 
at a temperature lower than the autoignition temperature of the fuel. 
Spark ignition AFM ignition would be the expected solution to control 
the combustion process and avoid detonating combustion in the 
cylinder. 
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4. MATERIALS AND METHODS  

4.1. Ignition of the AFM in a piston engine 

In a situation of energy crisis or wartime, it is important to use different 
fuels. Since many CI fuels do not ignite in a conventional SI engine, the 
AFM temperature 𝑇𝑇𝑇𝑇1 must be raised high enough to ensure that they 
ignite in the cylinder either by spark or by temperature. In order to reach 
the self-ignition temperature of fuels in the cylinder, they must be 
preheated. It is possible to increase the temperature 𝑇𝑇𝑇𝑇1 of the AFM by 
heating only the fuel or air before the feed system (FSS) or by heating 
the AFM immediately after the FSS before reaching the engine cylinder. 
Electric heaters, heat energy 𝑇𝑇𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ.𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛 contained in exhaust gases and 
engine coolant temperature can be used for heating. Since it is difficult 
to predict and control the AFM temperature 𝑇𝑇𝑇𝑇1 when heating the air or 
fuel entering the engine, only AFM heating after carburization is 
discussed in this paper. Considering the properties of the fuels (Table 2, 
V, VI), it can be assumed that the combustion of the fuel in the engine 
is guaranteed if the temperature 𝑇𝑇𝑇𝑇2  in the cylinder is brought to the same 
level as the auto-ignition temperature (AIT) of the fuel. 

Table 2. Properties of the fuels 

Parameter Unit EP EF JF DF HVO FAME 
Isentropic 
coefficient (γ) 

- 1.35 1.26 1.32 1.32 1.32 1.32 

Air-fuel ratio - 14.6/1 9/1 15.6/1 14.6/1 14.6/1 13.8/1 
Autoignition 
temperature (AIT) 

K 855 955 483 550 477 650 

Cetane number (CN) - - - 30-40 45-50 80-99 45-61 
Research octane 
number (RON) 

- 87-97 108 15 15-25 15-25 15-25 

Final boiling point 
(FBP) 

° C 220 78.37 230 360 269 338 

Considering the vaporization properties of fuels, it is important to heat 
the entire AFM for the use of different fuels in a low compression ratio 
𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐 engine to ensure at least partial vaporization of the fuels at a level that 
ensures their ignition in the engine cylinder. A high-quality vaporized 
AFM contains evenly distributed self-igniting fuel fractions, and 
therefore the AFM is more likely to ignite, have shorter ignition delays, 
and burn faster in the combustion process. 

8 

Figure 2 shows a schematic diagram for modelling the above-described 
process, which can be basically divided into three: (1) AFM 
carburization; (2) AFM heating; (3) AFM compression. 

Figure 2. Stages of heating the AFM. 

Knowing the properties of the fuel and the main parameters of the 
engine, the AFM temperatures 𝑇𝑇𝑇𝑇2 formed from different liquid fuels 
during the compression stroke can be calculated, depending on the AFM 
temperature 𝑇𝑇𝑇𝑇1. The total volume of the engine cylinder 𝑉𝑉𝑉𝑉 is expressed 
by the formula (V, VI, J. B. Heywood, 2018): 

𝑉𝑉𝑉𝑉 = 𝑉𝑉𝑉𝑉𝑐𝑐𝑐𝑐 + 𝑉𝑉𝑉𝑉𝑑𝑑𝑑𝑑,        (2) 

where, 𝑉𝑉𝑉𝑉𝑐𝑐𝑐𝑐 is the combustion chamber volume and 𝑉𝑉𝑉𝑉𝑑𝑑𝑑𝑑 is the 
displacement volume, and from which the compression 𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐 ratio of the 
engine is expressed as follows (V; VI; J. B. Heywood, 2018): 

𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐 = V𝑑𝑑𝑑𝑑+V𝑐𝑐𝑐𝑐
V𝑐𝑐𝑐𝑐

 ,     (3) 

Since the volume of the cylinder is related to the geometrical 
parameters of the engine, the volume of the cylinder at different 
positions of the crankshaft is expressed as follows (V; VI; J. B. 
Heywood, 2018): 
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 𝑉𝑉𝑉𝑉 = 𝑉𝑉𝑉𝑉𝑐𝑐𝑐𝑐 + 𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋2
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from which the change in compression ratio at different crankshaft 
positions 𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐(𝜑𝜑𝜑𝜑) is expressed as (V; VI; J. B. Heywood, 2018): 

𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐(𝜑𝜑𝜑𝜑) = 1 + 1
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where 𝑎𝑎𝑎𝑎 is the radius of the crankshaft; 𝐵𝐵𝐵𝐵 is the cylinder diameter; 𝑙𝑙𝑙𝑙 is 
the the length of the connection rod. According to the ideal gas equation 
of state, pressure depends on temperature, and both are inversely 
proportional to volume, and the relationship holds (J. B. Heywood, 
2018): 
 𝑃𝑃𝑃𝑃𝑉𝑉𝑉𝑉 = 𝑐𝑐𝑐𝑐𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅,                                        (6) 
 
where 𝑃𝑃𝑃𝑃 is the gas pressure, 𝑉𝑉𝑉𝑉 is the volume, 𝑐𝑐𝑐𝑐 the amount of substance, 
𝑅𝑅𝑅𝑅 is the universal gas constant, and 𝑅𝑅𝑅𝑅 is the temperature. The isentropic 
coefficient is expressed as 𝛾𝛾𝛾𝛾 = 𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝/𝐶𝐶𝐶𝐶𝑉𝑉𝑉𝑉, where 𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝 is the specific heat 
value of gas at constant pressure and 𝐶𝐶𝐶𝐶𝑉𝑉𝑉𝑉 is the specific heat value of gas 
at constant volume. If the temperature 𝑅𝑅𝑅𝑅1 during compression increases 
to temperature 𝑅𝑅𝑅𝑅2, then during isentropic compression we can derive the 
changes in AFM pressure 𝑃𝑃𝑃𝑃2 and AFM temperature 𝑅𝑅𝑅𝑅2 due to the 
decrease in cylinder volume 𝑉𝑉𝑉𝑉2 from the following relationships (J. B. 
Heywood, 2018): 
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When calculating the relationship between temperature T, pressure 𝑃𝑃𝑃𝑃 and 
volume 𝑉𝑉𝑉𝑉, the isentropic coefficient 𝛾𝛾𝛾𝛾 is decisive, the value of which 
depends on the compressed air and fuel. The internal temperature of the 
engine cylinder during compression at different AFM temperatures can be 
calculated from the system of equations (7). By replacing in the equation 
system (7) in the 𝑅𝑅𝑅𝑅2 formula 𝑉𝑉𝑉𝑉1

𝑉𝑉𝑉𝑉2
 with formula (5), we get the expression: 

10

𝑇𝑇𝑇𝑇2 = 𝑇𝑇𝑇𝑇1 �1 + 1
2

(𝑉𝑉𝑉𝑉𝑑𝑑𝑑𝑑
𝑉𝑉𝑉𝑉𝑐𝑐𝑐𝑐
− 1)�𝑙𝑙𝑙𝑙

𝑎𝑎𝑎𝑎
+ 1 − 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝜑𝜑𝜑𝜑 − ��𝑙𝑙𝑙𝑙

𝑎𝑎𝑎𝑎
�
2
− 𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐2𝜑𝜑𝜑𝜑��

𝛾𝛾𝛾𝛾−1

(8)

Based on the expression (8), figure 3 has been prepared, which 
characterizes the gas temperature 𝑇𝑇𝑇𝑇1 and 𝑇𝑇𝑇𝑇2 in the engine cylinder during 
the compression stroke based on the characteristics of the engine design 
at different values of the isentropic coefficient 𝛾𝛾𝛾𝛾 and AFM temperature 
𝑇𝑇𝑇𝑇1. It can be seen from the graph that as the inlet temperature 𝑇𝑇𝑇𝑇1
increases, the gas temperature 𝑇𝑇𝑇𝑇2 in the cylinder also increases linearly. 
The cylinder gas temperature 𝑇𝑇𝑇𝑇2 decreases exponentially according to 
the decrease in the value of the isentropic coefficient.

Figure 3. Gas temperature 𝑇𝑇𝑇𝑇1 in the engine cylinder during the compression stroke 
based on the characteristics of the engine design, different values of the isentropic 
coefficient 𝛾𝛾𝛾𝛾 and different AFM temperature 𝑇𝑇𝑇𝑇1 values (Gas temperature in the 
cylinder is calculated at 30° BTDC).

Based on the compression AIT and average isentropic coefficient 𝛾𝛾𝛾𝛾 of 
the fuels presented in Table 2, the ignition timing of different fuels at 
different AFM temperatures 𝑇𝑇𝑇𝑇1 can be modeled (Figure 4).
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 𝑉𝑉𝑉𝑉 = 𝑉𝑉𝑉𝑉𝑐𝑐𝑐𝑐 + 𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋2

4
𝑎𝑎𝑎𝑎 𝑎𝑙𝑙𝑙𝑙

𝑎𝑎𝑎𝑎
+ 1 − cos𝜑𝜑𝜑𝜑 − ��𝑙𝑙𝑙𝑙

𝑎𝑎𝑎𝑎
�
2
− 𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐2𝜑𝜑𝜑𝜑�,           (4) 

from which the change in compression ratio at different crankshaft 
positions 𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐(𝜑𝜑𝜑𝜑) is expressed as (V; VI; J. B. Heywood, 2018): 

𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐(𝜑𝜑𝜑𝜑) = 1 + 1
2

(𝑉𝑉𝑉𝑉𝑑𝑑𝑑𝑑
𝑉𝑉𝑉𝑉𝑐𝑐𝑐𝑐
− 1) ∙ 𝑎𝑙𝑙𝑙𝑙

𝑎𝑎𝑎𝑎
+ 1 − cos𝜑𝜑𝜑𝜑 − ��𝑙𝑙𝑙𝑙

𝑎𝑎𝑎𝑎
�
2
− 𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐2𝜑𝜑𝜑𝜑�,       (5) 

where 𝑎𝑎𝑎𝑎 is the radius of the crankshaft; 𝐵𝐵𝐵𝐵 is the cylinder diameter; 𝑙𝑙𝑙𝑙 is 
the the length of the connection rod. According to the ideal gas equation 
of state, pressure depends on temperature, and both are inversely 
proportional to volume, and the relationship holds (J. B. Heywood, 
2018): 
 𝑃𝑃𝑃𝑃𝑉𝑉𝑉𝑉 = 𝑐𝑐𝑐𝑐𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅,                                        (6) 
 
where 𝑃𝑃𝑃𝑃 is the gas pressure, 𝑉𝑉𝑉𝑉 is the volume, 𝑐𝑐𝑐𝑐 the amount of substance, 
𝑅𝑅𝑅𝑅 is the universal gas constant, and 𝑅𝑅𝑅𝑅 is the temperature. The isentropic 
coefficient is expressed as 𝛾𝛾𝛾𝛾 = 𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝/𝐶𝐶𝐶𝐶𝑉𝑉𝑉𝑉, where 𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝 is the specific heat 
value of gas at constant pressure and 𝐶𝐶𝐶𝐶𝑉𝑉𝑉𝑉 is the specific heat value of gas 
at constant volume. If the temperature 𝑅𝑅𝑅𝑅1 during compression increases 
to temperature 𝑅𝑅𝑅𝑅2, then during isentropic compression we can derive the 
changes in AFM pressure 𝑃𝑃𝑃𝑃2 and AFM temperature 𝑅𝑅𝑅𝑅2 due to the 
decrease in cylinder volume 𝑉𝑉𝑉𝑉2 from the following relationships (J. B. 
Heywood, 2018): 
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,   (7) 

When calculating the relationship between temperature T, pressure 𝑃𝑃𝑃𝑃 and 
volume 𝑉𝑉𝑉𝑉, the isentropic coefficient 𝛾𝛾𝛾𝛾 is decisive, the value of which 
depends on the compressed air and fuel. The internal temperature of the 
engine cylinder during compression at different AFM temperatures can be 
calculated from the system of equations (7). By replacing in the equation 
system (7) in the 𝑅𝑅𝑅𝑅2 formula 𝑉𝑉𝑉𝑉1

𝑉𝑉𝑉𝑉2
 with formula (5), we get the expression: 

10

𝑇𝑇𝑇𝑇2 = 𝑇𝑇𝑇𝑇1 �1 + 1
2

(𝑉𝑉𝑉𝑉𝑑𝑑𝑑𝑑
𝑉𝑉𝑉𝑉𝑐𝑐𝑐𝑐
− 1)�𝑙𝑙𝑙𝑙

𝑎𝑎𝑎𝑎
+ 1 − 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝜑𝜑𝜑𝜑 − ��𝑙𝑙𝑙𝑙

𝑎𝑎𝑎𝑎
�
2
− 𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐2𝜑𝜑𝜑𝜑��

𝛾𝛾𝛾𝛾−1

(8)

Based on the expression (8), figure 3 has been prepared, which 
characterizes the gas temperature 𝑇𝑇𝑇𝑇1 and 𝑇𝑇𝑇𝑇2 in the engine cylinder during 
the compression stroke based on the characteristics of the engine design 
at different values of the isentropic coefficient 𝛾𝛾𝛾𝛾 and AFM temperature 
𝑇𝑇𝑇𝑇1. It can be seen from the graph that as the inlet temperature 𝑇𝑇𝑇𝑇1
increases, the gas temperature 𝑇𝑇𝑇𝑇2 in the cylinder also increases linearly. 
The cylinder gas temperature 𝑇𝑇𝑇𝑇2 decreases exponentially according to 
the decrease in the value of the isentropic coefficient.

Figure 3. Gas temperature 𝑇𝑇𝑇𝑇1 in the engine cylinder during the compression stroke 
based on the characteristics of the engine design, different values of the isentropic 
coefficient 𝛾𝛾𝛾𝛾 and different AFM temperature 𝑇𝑇𝑇𝑇1 values (Gas temperature in the 
cylinder is calculated at 30° BTDC).

Based on the compression AIT and average isentropic coefficient 𝛾𝛾𝛾𝛾 of 
the fuels presented in Table 2, the ignition timing of different fuels at 
different AFM temperatures 𝑇𝑇𝑇𝑇1 can be modeled (Figure 4).
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Figure 4. Effect of in-cylinder AFM temperature 𝑇𝑇𝑇𝑇1 on gas temperature 𝑇𝑇𝑇𝑇2 in the 
engine cylinder (fuel AIT is achieved at 30° BTDC).

Figure 4 shows data on the preheating temperature 𝑇𝑇𝑇𝑇1 of possible fuels used 
in a crisis situation, so that they can be used in low compression ratio 𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐
engines. The graph  shows that the preheating temperature 𝑇𝑇𝑇𝑇1 remains at 
10-330 K for different fuels. To achieve such a high temperature, it is 
reasonable to use the thermal energy 𝑇𝑇𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ.𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛 contained in the engine exhaust 
gases. In addition, the temperature 𝑇𝑇𝑇𝑇1 of the AFM heating device must be 
adjustable to use different liquid fuels in the engine.

4.2. Principles of the development of AFM heating system

To design HEX, it is necessary to know the exhaust gas temperature 
𝑇𝑇𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ.𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛 entering HEX, exhaust gases mass flow rate 𝑚𝑚𝑚𝑚𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ, AFM mass 
flow rate 𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 and AFM temperature 𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎.𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛 when entering HEX.
AFM mass 𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 can be calculated from fuel consumption 𝐵𝐵𝐵𝐵𝑎𝑎𝑎𝑎 and air 
consumption 𝐵𝐵𝐵𝐵𝑎𝑎𝑎𝑎 data. We can derive the air consumption 𝐵𝐵𝐵𝐵𝑎𝑎𝑎𝑎 required 
to calculate the AFM mass 𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 at different operating loads of the 
engine from the theoretical AFR of different fuels. It is important to 
mention here that the AFM mass flow rate 𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 is proportional to the 
exhaust gas mass flow rate 𝑚𝑚𝑚𝑚𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ. The theoretical temperature range 
𝑇𝑇𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ.𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛 of the exhaust gases of the SI engine is known and the specific 
heat quantity 𝐶𝐶𝐶𝐶 required to heat the AFM is calculated from the mass 
𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 of the AFM and the specific heat value 𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝. When determining 

12 

the specific heat value 𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝, we assume that the system has a constant 
pressure (∆𝑃𝑃𝑃𝑃 = 0). The heat capacity value is the corrected specific heat 
value 𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝 = 1.006 kJ

kg
K of the air. The area 𝐴𝐴𝐴𝐴𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 of the AFM channel 

can be derived from the calculation formula of the heat transfer 
coefficient 𝐻𝐻𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 of HEX operating at the average heat transfer rate. 
The overall heat transfer coefficient 𝐻𝐻𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 of the AFM channel is 
expressed by the following formula (III; V; VI; Khorasani et al., 2019; 
Krumdieck et al., 2013): 

 𝐻𝐻𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = 𝑄𝑄𝑄𝑄𝑎𝑎𝑎𝑎𝑣𝑣𝑣𝑣𝑎𝑎𝑎𝑎
𝐴𝐴𝐴𝐴𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎∆𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿

→ 𝐴𝐴𝐴𝐴𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = 𝑄𝑄𝑄𝑄𝑎𝑎𝑎𝑎𝑣𝑣𝑣𝑣𝑎𝑎𝑎𝑎
𝐻𝐻𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎∆𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿

,                   (9) 

where 𝐻𝐻𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 is the overall heat transfer coefficient, 𝑄𝑄𝑄𝑄𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑒𝑒𝑒𝑒 is the average 
heat transfer rate, 𝐴𝐴𝐴𝐴𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 is the channel area, and ∆𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 is the logarithmic 
mean of temperature differences between the exhaust gas and AFM 
temperatures in the heat exchanger. Average heat transfer rate 𝑄𝑄𝑄𝑄𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑒𝑒𝑒𝑒 is 
calculated by the formula (III; V; VI; Khorasani et al., 2019; Krumdieck 
et al., 2013): 

 𝑄𝑄𝑄𝑄𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑒𝑒𝑒𝑒 = 𝑄𝑄𝑄𝑄𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎+𝑄𝑄𝑄𝑄𝑎𝑎𝑎𝑎𝑒𝑒𝑒𝑒ℎ
2

,                                  (10) 

where 𝑄𝑄𝑄𝑄𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 is the AFM heat transfer rate and 𝑄𝑄𝑄𝑄𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ is the exhaust heat 
transfer rate. The AFM heat transfer rate 𝑄𝑄𝑄𝑄𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 is calculated by the 
formula (III; V; VI;  Khorasani et al., 2019; Krumdieck et al., 2013): 

 𝑄𝑄𝑄𝑄𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 =  𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝.𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎(𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎.𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 − 𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎.𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛),    (11) 

where 𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 is the AFM mass flow rate, 𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝.𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 is the AFM heat 
capacity, 𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎.𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 is the AFM temperature at the HEX outlet, and 
𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎.𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛 is the AFM temperature at the HEX inlet. The heat transfer rate 
𝑄𝑄𝑄𝑄𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ of exhaust gases is calculated by the formula (III; V; VI;  Khorasani 
et al., 2019; Krumdieck et al., 2013): 

 𝑄𝑄𝑄𝑄𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ =  𝑚𝑚𝑚𝑚𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝.𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ(𝑇𝑇𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ.𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛 − 𝑇𝑇𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ.𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜), (12) 

where 𝑚𝑚𝑚𝑚𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ is the exhaust gases mass flow rate, 𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝.𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ is the exhaust 
gases heat capacity, 𝑇𝑇𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ.𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 is the exhaust gas temperature at the HEX 
outlet, and 𝑇𝑇𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ.𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛 is the exhaust gas temperature at the HEX inlet. 
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Figure 4. Effect of in-cylinder AFM temperature 𝑇𝑇𝑇𝑇1 on gas temperature 𝑇𝑇𝑇𝑇2 in the 
engine cylinder (fuel AIT is achieved at 30° BTDC).

Figure 4 shows data on the preheating temperature 𝑇𝑇𝑇𝑇1 of possible fuels used 
in a crisis situation, so that they can be used in low compression ratio 𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐
engines. The graph  shows that the preheating temperature 𝑇𝑇𝑇𝑇1 remains at 
10-330 K for different fuels. To achieve such a high temperature, it is 
reasonable to use the thermal energy 𝑇𝑇𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ.𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛 contained in the engine exhaust 
gases. In addition, the temperature 𝑇𝑇𝑇𝑇1 of the AFM heating device must be 
adjustable to use different liquid fuels in the engine.

4.2. Principles of the development of AFM heating system

To design HEX, it is necessary to know the exhaust gas temperature 
𝑇𝑇𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ.𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛 entering HEX, exhaust gases mass flow rate 𝑚𝑚𝑚𝑚𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ, AFM mass 
flow rate 𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 and AFM temperature 𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎.𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛 when entering HEX.
AFM mass 𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 can be calculated from fuel consumption 𝐵𝐵𝐵𝐵𝑎𝑎𝑎𝑎 and air 
consumption 𝐵𝐵𝐵𝐵𝑎𝑎𝑎𝑎 data. We can derive the air consumption 𝐵𝐵𝐵𝐵𝑎𝑎𝑎𝑎 required 
to calculate the AFM mass 𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 at different operating loads of the 
engine from the theoretical AFR of different fuels. It is important to 
mention here that the AFM mass flow rate 𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 is proportional to the 
exhaust gas mass flow rate 𝑚𝑚𝑚𝑚𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ. The theoretical temperature range 
𝑇𝑇𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ.𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛 of the exhaust gases of the SI engine is known and the specific 
heat quantity 𝐶𝐶𝐶𝐶 required to heat the AFM is calculated from the mass 
𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 of the AFM and the specific heat value 𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝. When determining 
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the specific heat value 𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝, we assume that the system has a constant 
pressure (∆𝑃𝑃𝑃𝑃 = 0). The heat capacity value is the corrected specific heat 
value 𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝 = 1.006 kJ

kg
K of the air. The area 𝐴𝐴𝐴𝐴𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 of the AFM channel 

can be derived from the calculation formula of the heat transfer 
coefficient 𝐻𝐻𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 of HEX operating at the average heat transfer rate. 
The overall heat transfer coefficient 𝐻𝐻𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 of the AFM channel is 
expressed by the following formula (III; V; VI; Khorasani et al., 2019; 
Krumdieck et al., 2013): 

 𝐻𝐻𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = 𝑄𝑄𝑄𝑄𝑎𝑎𝑎𝑎𝑣𝑣𝑣𝑣𝑎𝑎𝑎𝑎
𝐴𝐴𝐴𝐴𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎∆𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿

→ 𝐴𝐴𝐴𝐴𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = 𝑄𝑄𝑄𝑄𝑎𝑎𝑎𝑎𝑣𝑣𝑣𝑣𝑎𝑎𝑎𝑎
𝐻𝐻𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎∆𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿

,                   (9) 

where 𝐻𝐻𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 is the overall heat transfer coefficient, 𝑄𝑄𝑄𝑄𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑒𝑒𝑒𝑒 is the average 
heat transfer rate, 𝐴𝐴𝐴𝐴𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 is the channel area, and ∆𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 is the logarithmic 
mean of temperature differences between the exhaust gas and AFM 
temperatures in the heat exchanger. Average heat transfer rate 𝑄𝑄𝑄𝑄𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑒𝑒𝑒𝑒 is 
calculated by the formula (III; V; VI; Khorasani et al., 2019; Krumdieck 
et al., 2013): 

 𝑄𝑄𝑄𝑄𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑒𝑒𝑒𝑒 = 𝑄𝑄𝑄𝑄𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎+𝑄𝑄𝑄𝑄𝑎𝑎𝑎𝑎𝑒𝑒𝑒𝑒ℎ
2

,                                  (10) 

where 𝑄𝑄𝑄𝑄𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 is the AFM heat transfer rate and 𝑄𝑄𝑄𝑄𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ is the exhaust heat 
transfer rate. The AFM heat transfer rate 𝑄𝑄𝑄𝑄𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 is calculated by the 
formula (III; V; VI;  Khorasani et al., 2019; Krumdieck et al., 2013): 

 𝑄𝑄𝑄𝑄𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 =  𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝.𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎(𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎.𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 − 𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎.𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛),    (11) 

where 𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 is the AFM mass flow rate, 𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝.𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 is the AFM heat 
capacity, 𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎.𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 is the AFM temperature at the HEX outlet, and 
𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎.𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛 is the AFM temperature at the HEX inlet. The heat transfer rate 
𝑄𝑄𝑄𝑄𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ of exhaust gases is calculated by the formula (III; V; VI;  Khorasani 
et al., 2019; Krumdieck et al., 2013): 

 𝑄𝑄𝑄𝑄𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ =  𝑚𝑚𝑚𝑚𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝.𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ(𝑇𝑇𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ.𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛 − 𝑇𝑇𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ.𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜), (12) 

where 𝑚𝑚𝑚𝑚𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ is the exhaust gases mass flow rate, 𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝.𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ is the exhaust 
gases heat capacity, 𝑇𝑇𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ.𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 is the exhaust gas temperature at the HEX 
outlet, and 𝑇𝑇𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ.𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛 is the exhaust gas temperature at the HEX inlet. 
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The logarithmic mean ∆𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 of the difference between the exhaust and 
AFM temperatures is calculated using the following formula (III; V; VI; 
Khorasani et al., 2019; Krumdieck et al., 2013): 

 ∆𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 =
�𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎𝑒𝑒𝑒𝑒ℎ.𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜−𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎.𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖�−(𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎𝑒𝑒𝑒𝑒ℎ.𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖−𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎.𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜)

𝑙𝑙𝑙𝑙𝑛𝑛𝑛𝑛
𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎𝑒𝑒𝑒𝑒ℎ.𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜−𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎.𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎𝑒𝑒𝑒𝑒ℎ.𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖−𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎.𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜

, (13) 

Figure 4 shows the temperatures T1 of the different fuels that must be 
reached by the start of the compression stroke of the engine in order to 
achieve the AFM autoignition temperature T2 at an ignition angle of 30° 
BTDC as a result of compression. Ethanol has the highest autoignition 
temperature (955 K), which is the basis for HEX design. To achieve the 
specified AFM temperature, exhaust gases are used, the temperature of 
which on the SI engine is between 450K - 1150K (Liu et al., 2021), 
depending on the engine load. In the calculations, the exhaust gas 
temperature is 800K. Knowing the value of the specific heats of air 
𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝.𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑎𝑎𝑎𝑎 = 1006 𝐽𝐽𝐽𝐽

𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘
K and EF 𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝.𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑙𝑙𝑙𝑙 = 2240 𝐽𝐽𝐽𝐽

𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘
K under normal 

conditions, we can calculate the value of the average AFM specific heat, 
which is 𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝.𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = 1129 𝐽𝐽𝐽𝐽

𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘
K. AFM is formed under normal conditions, 

thus 𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎.𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛 is 283.15K. HEX was designed on the assumption that it 
could be an air-to-air type HEX with a heat transfer coefficient 𝐻𝐻𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 in 
the range 𝐻𝐻𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = 0.5 − 35.0 𝑊𝑊𝑊𝑊

𝑎𝑎𝑎𝑎2 𝐾𝐾𝐾𝐾. In order to determine the area 
𝐴𝐴𝐴𝐴𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 of the HEX workpiece, the relationship between the area of the 
workpiece and the heat transfer coefficient 𝐻𝐻𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 must be estimated. 
Figure 5 shows the dependence of the area 𝐴𝐴𝐴𝐴𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 of the HEX channel 
on the heat transfer coefficient 𝐻𝐻𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 (III; V; VI;  Khorasani et al., 2019; 
Krumdieck et al., 2013). 
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Figure 5. HEX channel area 𝐴𝐴𝐴𝐴𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 depending on the heat transfer coefficient 
𝐻𝐻𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 .(III; V; VI; Khorasani et al., 2019; Krumdieck et al., 2013).

Tables 3 (III) and 4 (V, IV) show the technical data of the tube and plate 
type HEX used in the development work, which have been adjusted 
according to the structural characteristics of the test engines.

Table 3. Specification of the tube-shape HEX (III)

Technical component Unit Value
Length of HEX working part cm 45
Cross sectional area of the exhaust gas channel cm2 8.64
Diameter of the fuel mixture channel mcm 0.7
Cross-sectional area of one fuel mixture channel cm2 0.38
Number of fuel mixture channels piece 5
Cross-sectional area of all fuel mixture channels cm2 1.92
Heat exchanger work surface cm2 495



3113 

The logarithmic mean ∆𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 of the difference between the exhaust and 
AFM temperatures is calculated using the following formula (III; V; VI; 
Khorasani et al., 2019; Krumdieck et al., 2013): 

 ∆𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 =
�𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎𝑒𝑒𝑒𝑒ℎ.𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜−𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎.𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖�−(𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎𝑒𝑒𝑒𝑒ℎ.𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖−𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎.𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜)

𝑙𝑙𝑙𝑙𝑛𝑛𝑛𝑛
𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎𝑒𝑒𝑒𝑒ℎ.𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜−𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎.𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎𝑒𝑒𝑒𝑒ℎ.𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖−𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎.𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜

, (13) 
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𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝.𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑎𝑎𝑎𝑎 = 1006 𝐽𝐽𝐽𝐽

𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘
K and EF 𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝.𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑙𝑙𝑙𝑙 = 2240 𝐽𝐽𝐽𝐽

𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘
K under normal 
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which is 𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝.𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = 1129 𝐽𝐽𝐽𝐽

𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘
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the range 𝐻𝐻𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = 0.5 − 35.0 𝑊𝑊𝑊𝑊

𝑎𝑎𝑎𝑎2 𝐾𝐾𝐾𝐾. In order to determine the area 
𝐴𝐴𝐴𝐴𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 of the HEX workpiece, the relationship between the area of the 
workpiece and the heat transfer coefficient 𝐻𝐻𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 must be estimated. 
Figure 5 shows the dependence of the area 𝐴𝐴𝐴𝐴𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 of the HEX channel 
on the heat transfer coefficient 𝐻𝐻𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 (III; V; VI;  Khorasani et al., 2019; 
Krumdieck et al., 2013). 
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Figure 5. HEX channel area 𝐴𝐴𝐴𝐴𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 depending on the heat transfer coefficient 
𝐻𝐻𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 .(III; V; VI; Khorasani et al., 2019; Krumdieck et al., 2013).

Tables 3 (III) and 4 (V, IV) show the technical data of the tube and plate 
type HEX used in the development work, which have been adjusted 
according to the structural characteristics of the test engines.

Table 3. Specification of the tube-shape HEX (III)

Technical component Unit Value
Length of HEX working part cm 45
Cross sectional area of the exhaust gas channel cm2 8.64
Diameter of the fuel mixture channel mcm 0.7
Cross-sectional area of one fuel mixture channel cm2 0.38
Number of fuel mixture channels piece 5
Cross-sectional area of all fuel mixture channels cm2 1.92
Heat exchanger work surface cm2 495
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Table 4. Specification of the plate-shape HEX (V; VI)

Technical component Unit Value
HEX air-fuel mixture channel operating part length cm 21
Cross-sectional area of exhaust gas inlet and outlet ducts cm2 2
The volume of the exhaust chamber of the HEX cm3 400
Air-fuel mixture inlet openings cross-sectional areas cm2 3.15
Air-fuel mixture outlet openings cross-sectional areas cm2 4.7
Air-fuel mixture channel cross-sectional maximum area cm2 6.05
The volume of the HEX air-fuel mixture channel cm3 100
HEX air-fuel mixture channel heated part volume cm3 80

Figure 6 shows the schematic diagram of the HEX, in which the fuel 
supply system (FSS) consists of a carburettor and a HEX for heating the 
carburetted AFM. Fuel and air are mixed in the carburettor, after which 
the AFM moves into the HEX AFM channel. The AFM channel is 
located in the middle of the HEX exhaust gas channel in such a way that 
the exhaust gases and the AFM move in opposite directions. The 
residual heat from the exhaust gas leaving the engine cylinder is 
transferred to the AFM by HEX, causing the AFM to heat up and the 
exhaust gas to cool.

Figure 6. Diagram of the HEX principle.

Four different solutions can be used to implement the AFM heating 
method: (1) heating with an electric heater (Walker et al., 2010); (2) 
heating with the engine coolant (Nadaf and Gangavati, 2014; Pizzonia 
et al., 2016); (3) using residual heat energy from engine exhaust gases for 
heating (Amicabile et al., 2015; Daccord, 2017; Eftekhar and Keshavarz, 
2011; Lee and Bae, 2007; Liu et al., 2021; Shahadat et al., 2008; Walker 
et al., 2010) and (4) combinations of the aforementioned solutions.
Heating with coolant and exhaust gases is done by HEX designed for 
this purpose. It is possible to heat AFM, fuel, or air to temperatures 
higher than 100°C using electric HEX or thermal energy from engine 
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exhaust gases. Using additional electricity for heating reduces the 
efficiency of the system (III). The use of the residual heat energy of the 
exhaust gases HEX does not affect the efficiency of the engine. Both 
tube and plate shape type HEX can be used to implement the AFM 
heating method (III; V; Bari and Hossain, 2015). The construction and 
subsequent maintenance of the tube-shape HEX is easier (III). On the 
other hand, the plate-shape HEX has more efficient heat exchange and 
is more compact, so it is possible to design a shorter AFM channel (III; 
V). 

During the development work, the use of tube-shape and plate-shape 
HEX in AFM heating was investigated, both in two-stroke and four-
stroke engines (III; V; VI). The stages of the development work are 
given below. 

I stage of development 

First, the HEX concept for a two-stroke engine was developed and a 
prototype was produced. For AFM heating, FSS was designed in such a 
way that when the engine is started, there is a negative pressure in the 
internal combustion engine FSS parts 12, 11, 2, 6, so a negative pressure 
is created in the fuel tank 5 and HEX 1, provided that valve 9 is closed 
and valve 8 is minimally open. Due to the negative pressure, the 
necessary air is sucked from the exhaust channel 10 through the fuel 
tank and liquid fuel, which ensures effective fuel evaporation. The 
enriched AFM passes through the fine filter 7 HEX. HEX 1 moves the 
AFM along the channel 2 of the air-fuel mixture into the HEX reactor 
11, in the middle of which there is a metal rod 4. The task of the rod 4 
is to reduce the cross-sectional area of the AFM channel and push the 
AFM against the channel wall, which ensures more efficient heat transfer 
from the exhaust gases to the vaporized fuel. Exhaust gases 3 (630-650 
°C) move in the opposite direction to the movement of the enriched 
fuel mixture in reactor 11. As a result of the operation of the HEX, the 
exhaust gas cools and thins, and the AFM heats up and expands. The 
heated AFM is sucked into the intake manifold 12 due to the negative 
pressure created by the internal combustion engine, and depending on 
the engine load, the missing additional air is supplied directly to the 
intake manifold through the valve 9. The heated AFM and additional air 
are drawn into the cylinder of the internal combustion engine and 
ignited. (III) 
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Table 4. Specification of the plate-shape HEX (V; VI)

Technical component Unit Value
HEX air-fuel mixture channel operating part length cm 21
Cross-sectional area of exhaust gas inlet and outlet ducts cm2 2
The volume of the exhaust chamber of the HEX cm3 400
Air-fuel mixture inlet openings cross-sectional areas cm2 3.15
Air-fuel mixture outlet openings cross-sectional areas cm2 4.7
Air-fuel mixture channel cross-sectional maximum area cm2 6.05
The volume of the HEX air-fuel mixture channel cm3 100
HEX air-fuel mixture channel heated part volume cm3 80

Figure 6 shows the schematic diagram of the HEX, in which the fuel 
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carburetted AFM. Fuel and air are mixed in the carburettor, after which 
the AFM moves into the HEX AFM channel. The AFM channel is 
located in the middle of the HEX exhaust gas channel in such a way that 
the exhaust gases and the AFM move in opposite directions. The 
residual heat from the exhaust gas leaving the engine cylinder is 
transferred to the AFM by HEX, causing the AFM to heat up and the 
exhaust gas to cool.

Figure 6. Diagram of the HEX principle.

Four different solutions can be used to implement the AFM heating 
method: (1) heating with an electric heater (Walker et al., 2010); (2) 
heating with the engine coolant (Nadaf and Gangavati, 2014; Pizzonia 
et al., 2016); (3) using residual heat energy from engine exhaust gases for 
heating (Amicabile et al., 2015; Daccord, 2017; Eftekhar and Keshavarz, 
2011; Lee and Bae, 2007; Liu et al., 2021; Shahadat et al., 2008; Walker 
et al., 2010) and (4) combinations of the aforementioned solutions.
Heating with coolant and exhaust gases is done by HEX designed for 
this purpose. It is possible to heat AFM, fuel, or air to temperatures 
higher than 100°C using electric HEX or thermal energy from engine 
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exhaust gases. Using additional electricity for heating reduces the 
efficiency of the system (III). The use of the residual heat energy of the 
exhaust gases HEX does not affect the efficiency of the engine. Both 
tube and plate shape type HEX can be used to implement the AFM 
heating method (III; V; Bari and Hossain, 2015). The construction and 
subsequent maintenance of the tube-shape HEX is easier (III). On the 
other hand, the plate-shape HEX has more efficient heat exchange and 
is more compact, so it is possible to design a shorter AFM channel (III; 
V). 

During the development work, the use of tube-shape and plate-shape 
HEX in AFM heating was investigated, both in two-stroke and four-
stroke engines (III; V; VI). The stages of the development work are 
given below. 

I stage of development 

First, the HEX concept for a two-stroke engine was developed and a 
prototype was produced. For AFM heating, FSS was designed in such a 
way that when the engine is started, there is a negative pressure in the 
internal combustion engine FSS parts 12, 11, 2, 6, so a negative pressure 
is created in the fuel tank 5 and HEX 1, provided that valve 9 is closed 
and valve 8 is minimally open. Due to the negative pressure, the 
necessary air is sucked from the exhaust channel 10 through the fuel 
tank and liquid fuel, which ensures effective fuel evaporation. The 
enriched AFM passes through the fine filter 7 HEX. HEX 1 moves the 
AFM along the channel 2 of the air-fuel mixture into the HEX reactor 
11, in the middle of which there is a metal rod 4. The task of the rod 4 
is to reduce the cross-sectional area of the AFM channel and push the 
AFM against the channel wall, which ensures more efficient heat transfer 
from the exhaust gases to the vaporized fuel. Exhaust gases 3 (630-650 
°C) move in the opposite direction to the movement of the enriched 
fuel mixture in reactor 11. As a result of the operation of the HEX, the 
exhaust gas cools and thins, and the AFM heats up and expands. The 
heated AFM is sucked into the intake manifold 12 due to the negative 
pressure created by the internal combustion engine, and depending on 
the engine load, the missing additional air is supplied directly to the 
intake manifold through the valve 9. The heated AFM and additional air 
are drawn into the cylinder of the internal combustion engine and 
ignited. (III) 
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Figure 7. Schematic diagram of an FSS-equipped engine operating on the principle of 
heat exchange (III).

When testing the engine, it appeared that there is not enough negative 
pressure in the fuel tank when starting. Specifically, the volume of the 
fuel tank did not allow the formation of enriched AFM (Fig. 8, F). 
Therefore, a fuel tank with a similar operating principle but with a 75% 
smaller volume was designed (Fig. 8, E). The smaller fuel tank allowed 
for engine start-up and preliminary load tests. As a result of the load test, 
it was found that the developed HEX increased the pumping losses of 
the engine, and the engine could not operate at heavier loads. Therefore, 
the HEX with higher throughput (with five (5) AFM channels) was 
developed (Fig. 8, C).

Figure 8. HEX (A, B, C, D) and fuel tank (E, F) prototypes.

The drawback of the described technical solution was the fact that the 
evaporated air-fuel mixture does not lubricate the working parts of the 
engine. During the tests, it appeared that the two-stroke engine worked 
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without load for an average of 12 minutes and stopped. There were two 
ways to solve the problem: (1) add an additional lubrication system to 
the engine's intake manifold, or (2) adopt a four-stroke SI engine. (III) 

II stage of development 

In the second development stage, a four-stroke air-cooled SI engine 
(DB3500CL) was chosen as the test object (technical data are given in 
Table 5). Depending on the purpose of the work, different fuels are used 
in the engine, and the air-fuel mixture formed from them is heated. This 
makes it impractical to build an additional lubrication system for a two-
stroke engine, because the heated air-fuel mixture can destroy the 
lubricating properties of the oil. 

HEX (Fig. 8, C) and fuel tank (Fig. 8, E) were installed on the test engine. 
When testing the engine at a load of 0.5 kW, the engine ran without 
problems, but at a load of 1.0 kW, a problem with the quality of the 
AFM appeared, as the consumption of air and fuel increased, due to 
which unevaporated fuel entered the HEX. The unvaporised fuel 
droplets vaporized abruptly in the heated HEX channel, causing the 
formation of an AFM with an uneven proportion of fuel vapor, and 
therefore the engine stalled. In the small volume fuel tank, AFM was not 
stably formed mainly due to the small volume of the fuel tank. The fuel 
tank was replaced with a larger capacity fuel tank (Fig. 8, F), which 
allowed the engine to run smoothly with a 1.0 kW load. With a load of 
1.5 kW, the problem was keeping the crankshaft revolutions at the 
prescribed speed mode of 3000 rpm. FSS formation leaner than average 
AFM. As a solution, the diameter of the metal rods located in the AFM 
channels was reduced, as a result of which the cross-sectional area of the 
feed system channel increased. After increasing the capacity of the HEX, 
the engine still ran rough at high loads and stalled. The reason was the 
cooling of the liquid fuel in the tank due to evaporation. To solve the 
problem, the fuel in the tank was heated with exhaust gases directed 
there, and in order to reduce pumping losses, metal rods were removed 
from the AFM channels, which made the cross-sectional area of the 
channel even larger. With FSS changes, stable engine operation was 
achieved at a load of 1.5 kW until the HEX fully warmed up, after which 
the engine operation became unstable and required constant FSS 
adjustment. At a engine load of 2.0 kW, the engine worked unstable. 
Constant changes in AFM quality were primarily caused by a change in 
the fuel composition in the fuel tank, as light and then medium fuel 
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Figure 7. Schematic diagram of an FSS-equipped engine operating on the principle of 
heat exchange (III).

When testing the engine, it appeared that there is not enough negative 
pressure in the fuel tank when starting. Specifically, the volume of the 
fuel tank did not allow the formation of enriched AFM (Fig. 8, F). 
Therefore, a fuel tank with a similar operating principle but with a 75% 
smaller volume was designed (Fig. 8, E). The smaller fuel tank allowed 
for engine start-up and preliminary load tests. As a result of the load test, 
it was found that the developed HEX increased the pumping losses of 
the engine, and the engine could not operate at heavier loads. Therefore, 
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without load for an average of 12 minutes and stopped. There were two 
ways to solve the problem: (1) add an additional lubrication system to 
the engine's intake manifold, or (2) adopt a four-stroke SI engine. (III) 

II stage of development 

In the second development stage, a four-stroke air-cooled SI engine 
(DB3500CL) was chosen as the test object (technical data are given in 
Table 5). Depending on the purpose of the work, different fuels are used 
in the engine, and the air-fuel mixture formed from them is heated. This 
makes it impractical to build an additional lubrication system for a two-
stroke engine, because the heated air-fuel mixture can destroy the 
lubricating properties of the oil. 

HEX (Fig. 8, C) and fuel tank (Fig. 8, E) were installed on the test engine. 
When testing the engine at a load of 0.5 kW, the engine ran without 
problems, but at a load of 1.0 kW, a problem with the quality of the 
AFM appeared, as the consumption of air and fuel increased, due to 
which unevaporated fuel entered the HEX. The unvaporised fuel 
droplets vaporized abruptly in the heated HEX channel, causing the 
formation of an AFM with an uneven proportion of fuel vapor, and 
therefore the engine stalled. In the small volume fuel tank, AFM was not 
stably formed mainly due to the small volume of the fuel tank. The fuel 
tank was replaced with a larger capacity fuel tank (Fig. 8, F), which 
allowed the engine to run smoothly with a 1.0 kW load. With a load of 
1.5 kW, the problem was keeping the crankshaft revolutions at the 
prescribed speed mode of 3000 rpm. FSS formation leaner than average 
AFM. As a solution, the diameter of the metal rods located in the AFM 
channels was reduced, as a result of which the cross-sectional area of the 
feed system channel increased. After increasing the capacity of the HEX, 
the engine still ran rough at high loads and stalled. The reason was the 
cooling of the liquid fuel in the tank due to evaporation. To solve the 
problem, the fuel in the tank was heated with exhaust gases directed 
there, and in order to reduce pumping losses, metal rods were removed 
from the AFM channels, which made the cross-sectional area of the 
channel even larger. With FSS changes, stable engine operation was 
achieved at a load of 1.5 kW until the HEX fully warmed up, after which 
the engine operation became unstable and required constant FSS 
adjustment. At a engine load of 2.0 kW, the engine worked unstable. 
Constant changes in AFM quality were primarily caused by a change in 
the fuel composition in the fuel tank, as light and then medium fuel 
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fractions were first carburized, so it was not possible to supply the 
engine with a sufficient amount of fuel evenly. Heavier fuel fractions 
remained in the fuel tank, so the energy content of the fuel mixture was 
uneven. (III) 
To solve the previously described problems, a four tube-type HEX with 
five (5) AFM channels was developed (Fig. 8, D). In addition, the fuel 
tank was removed from the system and the HEX was placed between 
the titration system and the engine. Engine tests with different fuels, EP, 
EF, DF, were performed with the system. At a load of 2.0 kW, the 
engine ran stably for some time until the temperature of the AFM rose 
above 80 °C and rapid combustion of the AFM in the cylinder began. 
In addition, since the HEX added by the FSS lengthened the AFM 
channel, it in turn introduced engine control delays, which made it 
difficult to control the operation of the engine. The high AFM 
temperature caused detonating combustion in the engine cylinder, thus 
the need to control the AFM temperature. (III) 

III stage of development 

As a result of the tube-shape HEX development, it turned out that the 
heated DF AFM in the SI engine can be used satisfactorily at medium 
engine loads. As a result, it was decided to continue with the 
development activity and the requirements established in the first 
development activity were specified and supplemented. Requirements 
for the HEX system: (1) the system under development must ensure the 
performance of the test engine; (2) the system must not reduce engine 
performance as pumping losses; (3) HEX system must have one AFM 
channel; (4) the system must allow the AFM temperature to be varied in 
the intake manifold; (5) the system must provide EP, EF, JF, DF, HVO, 
and FAME for proper AFM engine operation; (6) the system must allow 
the engine to operate within the intended load range, and (7) the system 
must allow fine-tuning of the engine. According to the requirements, a 
compact, single-channel plate-shape HEX was developed to implement 
the AFM heating method, which was placed between the carburettor 
and the intake manifold in such a way that all factory settings of the 
engine were preserved. One AFM temperature control valve was 
provided to control the AFM temperature. (V) 

The developed solution was based on the plate-shape HEX. First, the 
plate-shape HEX concept was described, and a prototype was made 
(Fig. 10, A and B). The designed plate-shape HEX test device with 
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carburettor FSS is shown in Figure 9. FSS AFM heating was designed so 
that the movement of the piston (16) in the cylinder (19) creates a 
negative pressure in the carburettor (8), the HEX AFM channel (14), the 
intake manifold (15) and in cylinder (19). Under the influence of negative 
pressure, fuel is sucked from the float chamber (11) of the carburettor 
(8) through the nozzle (12) into the carburettor pipe (10) and AFM is 
formed. Next, the AFM HEX (13) moves into the AFM channel (14), 
where additional mixing and heating of the AFM takes place. The heated 
and further mixed AFM moves from the AFM channel (14) to the intake 
manifold (15) and from there to the engine cylinder (19). The exhaust 
gas quantity control valve (23) is used to direct the exhaust gases through 
the HEX (13) or to the exhaust gas outlet channel (32). The temperature 
of the AFM depends on the mass of the exhaust gases directed through 
the HEX. (V, VI) 
 

 

Figure 9. Schematic of the plate-shape HEX AFM heating system (V, IV). 

Figure 10  shows the HEX open AFM channel (Fig. 10, A) and closed 
fuel mixture channel (Fig. 10, B). A plate-shape HEX was installed on a 
4-stroke SI engine (B3500CL). When testing the AFM channel, 
problems appeared with the test engine under load with 2.0 kW EP fuel. 
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fractions were first carburized, so it was not possible to supply the 
engine with a sufficient amount of fuel evenly. Heavier fuel fractions 
remained in the fuel tank, so the energy content of the fuel mixture was 
uneven. (III) 
To solve the previously described problems, a four tube-type HEX with 
five (5) AFM channels was developed (Fig. 8, D). In addition, the fuel 
tank was removed from the system and the HEX was placed between 
the titration system and the engine. Engine tests with different fuels, EP, 
EF, DF, were performed with the system. At a load of 2.0 kW, the 
engine ran stably for some time until the temperature of the AFM rose 
above 80 °C and rapid combustion of the AFM in the cylinder began. 
In addition, since the HEX added by the FSS lengthened the AFM 
channel, it in turn introduced engine control delays, which made it 
difficult to control the operation of the engine. The high AFM 
temperature caused detonating combustion in the engine cylinder, thus 
the need to control the AFM temperature. (III) 

III stage of development 
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The developed solution was based on the plate-shape HEX. First, the 
plate-shape HEX concept was described, and a prototype was made 
(Fig. 10, A and B). The designed plate-shape HEX test device with 
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carburettor FSS is shown in Figure 9. FSS AFM heating was designed so 
that the movement of the piston (16) in the cylinder (19) creates a 
negative pressure in the carburettor (8), the HEX AFM channel (14), the 
intake manifold (15) and in cylinder (19). Under the influence of negative 
pressure, fuel is sucked from the float chamber (11) of the carburettor 
(8) through the nozzle (12) into the carburettor pipe (10) and AFM is 
formed. Next, the AFM HEX (13) moves into the AFM channel (14), 
where additional mixing and heating of the AFM takes place. The heated 
and further mixed AFM moves from the AFM channel (14) to the intake 
manifold (15) and from there to the engine cylinder (19). The exhaust 
gas quantity control valve (23) is used to direct the exhaust gases through 
the HEX (13) or to the exhaust gas outlet channel (32). The temperature 
of the AFM depends on the mass of the exhaust gases directed through 
the HEX. (V, VI) 
 

 

Figure 9. Schematic of the plate-shape HEX AFM heating system (V, IV). 

Figure 10  shows the HEX open AFM channel (Fig. 10, A) and closed 
fuel mixture channel (Fig. 10, B). A plate-shape HEX was installed on a 
4-stroke SI engine (B3500CL). When testing the AFM channel, 
problems appeared with the test engine under load with 2.0 kW EP fuel. 
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Figure 10. Plate-shape HEX prototypes (A, B, C, D). (V)

With the new heat exchanger, the test engine did not reach the intended 
speed mode (3000 rpm). The developed HEX turned out to be too much 
additional friction, which is why it was inhibited to equip the engine with 
AFM. Due to the shape of the AFM channel, a sharp U-turn was formed 
in the channel, which added additional resistance to the AFM flow. The 
solution to the problem was to increase the cross-sectional area of the 
AFM channel. Since the heat exchange efficiency of HEX had to be 
preserved, the cross-sectional area of HEX was increased only in the 
width dimension, and the length and height dimensions remained the 
same (Fig. 10, B; C and D). (V)

IV stage of development

In the second stage, the HEX AFM channel was upgraded (Fig. 10, C
and D). Table 4 shows the most important data of the developed HEX. 
Figure 10 C shows the AFM channel and Figure 10 D shows the AFM 
channel with the partially open exhaust channel HEX. The development 
work included the following activities; (1) HEX AFM and exhaust 
channel parameters were additionally calculated; (2) technical drawings 
were prepared; (3) HEX was constructed; (4) installed on HEX test 
engine; (5) the fit of the HEX AFM to the engine was tested; (6) HEX 
exhaust section and HEX exhaust flow lines were built, complete with 
control valve; (7) a complete AFM heating system was installed on the 
engine; (8) tested the engine with a heated AFM. The test engine 
operated satisfactorily at unheated EP and EF AFM at all engine loads 
with an ignition timing of 47° BTDC. As a result of the heated AFM, 
failures occurred as the combustion phases were shifted earlier, causing 
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the additionally stirred and heated AFM to ignite and burn faster. The 
heated AFM was changed to a later ignition angle (31° BTDC), which 
allowed applying the maximum load to the engine (2.0 kW) with EP, EF 
and JF fuels. The response time of the engine equipped with a heat 
exchanger did not increase, and no increase in pumping losses was 
detected. (V) 

In conclusion, an AFM heating system was developed for a four-stroke 
SI engine, shown in Figure 11, which allowed heating of AFM made 
from different liquid fuels and did not prove to be an additional obstacle 
to engine operation. Compact and single AFM channel HEX placement 
between carburettor and intake manifold. The AFM temperature was 
controlled by a single valve located in the exhaust system. (V,VI) 

 
Figure 11. AFM heating system for SI engine. 

4.3. The engine test methods and equipment 

The test objects in this work were two-stroke and four-stroke air-cooled 
spark-ignition engine-generators, LTE145 and DB3500CL, respectively. 
The technical data of the test engine DB3500CL are given in table 5. Since 
the development of the test object LTE145 was part of this work, the test 
methodology of this test object is not described in detail, and the stages 
of development and the test methodology are presented in more detail in 
the third article III. At this point, it is important that the engine worked 
stably at the maximum generator load of 2 kW of the test object 
DB3500CL. The test object DB3500CL engine tests were performed at 
generator loads of 0.5, 1.0, 1.5 and 2.0 kW, respectively at 25, 50, 75 and 
100% loads, with the aim of performing measurements in the widest 
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the additionally stirred and heated AFM to ignite and burn faster. The 
heated AFM was changed to a later ignition angle (31° BTDC), which 
allowed applying the maximum load to the engine (2.0 kW) with EP, EF 
and JF fuels. The response time of the engine equipped with a heat 
exchanger did not increase, and no increase in pumping losses was 
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possible engine-generator load range. The crankshaft rotation frequency 
of the test object engine was 3000 rpm, which resulted from the design of 
the generator to ensure a network frequency of 50 Hz. (V, VI) 

Table 5. Test equipment and fuels (III, V, VI) 

DB3500CL test engine data 
Strokes 4 Connection rod length (l) 84.8 mm 
Cylinder 1 Swept volume (Vd) 207.42 cm3 
Displacement 208 cm2  Clearance volume (Vc) 28.28 cm3 
Engine power 3.6 kW Total volume (Vt) 235.7 cm3 
Speed (ne) 3000 rpm Compression ratio (rc) 8 
Bore 70.00 mm Bore to stroke ratio (Rbs) 1.29 
Stroke (L) 54.00 mm Connection rod to stroke ratio (Rrs) 3.14 
FSS Carburetor Crankshaft radius (α) 27 mm 
Ignition system Spark plug Ignition timing, deg BTDC 47 

CAS CI2001A fuel consumption measuring unit 
Weighing device CI-2001 (digital) Precision Δm=1 g 

AVL 621Combustion pressure measurement system 
Signal amplifier AVL 2P2E  
Pressure sensor ZF43 Precision 1.5% 

AVL air flow measurement system 
AVL Flowsonix Air 100 Precision < ±1%. 

Boch BEA 350 exhaust gas analyzer  
CO measurement range 0.000 – 10.00% vol Precision 0.001% 
CO2 measurement range 0.00 – 18.00% vol Precision 0.01% 
HC measurement range 0 – 9999 ppm vol Precision 1 ppm vol 
O2 measurement range 0.00 – 22.00% vol Precision 0.001% 
λ measurement range 0.500 – 9.999 Precision 0.001 
NO measurement range 0 – 5000 ppm vol Precision <=1ppm vol 
Absorption coefficient 0 – 10 m-1 Precision 0.01 m-1 
Soot measurement system TESTO 338 Precision 0.01 FSN 

Fuels 
Parameter Unit EP EF JF DF HVO FAME 
Density (15 °C) kg m-3 752.2 789 798 837 780 884 
Viscosity (at 40 °C) mm2 s-1 0.6 0.8 0.94 2.8 3.0 4.7 
RON - 95.1 108 15 25 25 25 
MON - 85.0 - - - - - 
CN - - - 40 53.5 99 52 
Distillation 70 °C % 44.1 - - - - - 
Distillation 100 °C % 66.3 - - - - - 
Distillation 150 °C % 93.4 - - - - - 
Distillation 10% °C - - 176 215 - - 
Distillation 50% °C - - 196 267 - - 
Distillation 90% °C - - 228 334 - - 
Distillation 95% °C - - - 349 320 - 
FBP °C 171.6 78.37 245 245 330 338 
Flash point °C - 45 17 49 65.0 61 175 
Calorific value M𝐽𝐽𝐽𝐽 kg -1 43.5 26.8 43 43.2 44 37.5 
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During the tests, engine fuel consumption 𝐵𝐵𝐵𝐵𝑎𝑎𝑎𝑎, compounds contained in 
exhaust gases (soot, CO, CO2, HC, NOX), air consumption 𝐵𝐵𝐵𝐵𝑎𝑎𝑎𝑎, AFM 
temperature 𝑇𝑇𝑇𝑇1 in the intake manifold after carburization, exhaust gas 
temperature 𝑇𝑇𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ.𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛 and combustion pressure 𝑃𝑃𝑃𝑃𝐶𝐶𝐶𝐶 in the cylinder were 
measured. 

EP tests were carried out on an engine with factory settings. HEX was 
then added to the power system and cold HEX tests were performed to 
evaluate the effect of HEX on engine output parameters. The AFM was 
then heated, depending on the fuel, to the temperatures shown in Figure 
4 or until detonation occurred in the engine cylinder. When detonation 
occurred, the temperature of the AFM was reduced until the engine 
operation became stable. Measurements are carried out in stable mode. 
The test fuels were EP, EF, JF, DF, HVO and FAME. The physico-
chemical properties of the fuels are given in Table 5. (III, V, IV) 

The fuel consumption measurement time was 7 minutes and the fuel 
consumption (𝐵𝐵𝐵𝐵𝑎𝑎𝑎𝑎) was measured every 60 seconds. The air consumption 
𝐵𝐵𝐵𝐵𝑎𝑎𝑎𝑎 measurement time was seven minutes, and the results were recorded 
after 60 seconds. The proportion of harmful components in the exhaust 
gases and the temperature of the engine oil were measured during seven 
minutes, at one-minute intervals. During the tests, the test engine was 
loaded with light lamps, from which the generator loads required in the 
tests were combined and the test engine was loaded through it. (III, V, 
VI) 

The heat release rate (HRR) was calculated from the combustion 
pressure data, which is expressed as follows (J. Heywood, 2018, VI): 
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where 𝑄𝑄𝑄𝑄𝑛𝑛𝑛𝑛 is the net heat release; 𝑃𝑃𝑃𝑃𝐶𝐶𝐶𝐶 is the cylinder pressure; 𝛾𝛾𝛾𝛾ℎ𝑎𝑎𝑎𝑎 is the 
isentropic coefficient; 𝑉𝑉𝑉𝑉𝐶𝐶𝐶𝐶 is the cylinder volume; 𝑑𝑑𝑑𝑑𝜑𝜑𝜑𝜑 is the crank angle. 
The total fuel combustion energy (𝑄𝑄𝑄𝑄𝑐𝑐𝑐𝑐) was calculated using the following 
formula (J. Heywood, 2018, VI): 
 
 𝑄𝑄𝑄𝑄𝑛𝑛𝑛𝑛 = 𝑑𝑑𝑑𝑑𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖

𝑑𝑑𝑑𝑑𝜑𝜑𝜑𝜑
+ 𝑄𝑄𝑄𝑄𝑛𝑛𝑛𝑛.𝜑𝜑𝜑𝜑−1, (15) 
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possible engine-generator load range. The crankshaft rotation frequency 
of the test object engine was 3000 rpm, which resulted from the design of 
the generator to ensure a network frequency of 50 Hz. (V, VI) 

Table 5. Test equipment and fuels (III, V, VI) 

DB3500CL test engine data 
Strokes 4 Connection rod length (l) 84.8 mm 
Cylinder 1 Swept volume (Vd) 207.42 cm3 
Displacement 208 cm2  Clearance volume (Vc) 28.28 cm3 
Engine power 3.6 kW Total volume (Vt) 235.7 cm3 
Speed (ne) 3000 rpm Compression ratio (rc) 8 
Bore 70.00 mm Bore to stroke ratio (Rbs) 1.29 
Stroke (L) 54.00 mm Connection rod to stroke ratio (Rrs) 3.14 
FSS Carburetor Crankshaft radius (α) 27 mm 
Ignition system Spark plug Ignition timing, deg BTDC 47 

CAS CI2001A fuel consumption measuring unit 
Weighing device CI-2001 (digital) Precision Δm=1 g 

AVL 621Combustion pressure measurement system 
Signal amplifier AVL 2P2E  
Pressure sensor ZF43 Precision 1.5% 

AVL air flow measurement system 
AVL Flowsonix Air 100 Precision < ±1%. 

Boch BEA 350 exhaust gas analyzer  
CO measurement range 0.000 – 10.00% vol Precision 0.001% 
CO2 measurement range 0.00 – 18.00% vol Precision 0.01% 
HC measurement range 0 – 9999 ppm vol Precision 1 ppm vol 
O2 measurement range 0.00 – 22.00% vol Precision 0.001% 
λ measurement range 0.500 – 9.999 Precision 0.001 
NO measurement range 0 – 5000 ppm vol Precision <=1ppm vol 
Absorption coefficient 0 – 10 m-1 Precision 0.01 m-1 
Soot measurement system TESTO 338 Precision 0.01 FSN 

Fuels 
Parameter Unit EP EF JF DF HVO FAME 
Density (15 °C) kg m-3 752.2 789 798 837 780 884 
Viscosity (at 40 °C) mm2 s-1 0.6 0.8 0.94 2.8 3.0 4.7 
RON - 95.1 108 15 25 25 25 
MON - 85.0 - - - - - 
CN - - - 40 53.5 99 52 
Distillation 70 °C % 44.1 - - - - - 
Distillation 100 °C % 66.3 - - - - - 
Distillation 150 °C % 93.4 - - - - - 
Distillation 10% °C - - 176 215 - - 
Distillation 50% °C - - 196 267 - - 
Distillation 90% °C - - 228 334 - - 
Distillation 95% °C - - - 349 320 - 
FBP °C 171.6 78.37 245 245 330 338 
Flash point °C - 45 17 49 65.0 61 175 
Calorific value M𝐽𝐽𝐽𝐽 kg -1 43.5 26.8 43 43.2 44 37.5 
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where 𝑄𝑄𝑄𝑄𝑛𝑛𝑛𝑛.𝜑𝜑𝜑𝜑−1 is the energy released in the combustion process per 
crankshaft rotation angle. The isentropic coefficient was calculated 
based on the logarithmic scale of the pV plot.  
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5. DISCUSSION  

5.1. The effect of an AFM made of different fuels on the 
combustion process of an SI engine 

The heated AFM test data at a load of 1.5 kW are reported below. At 
lower loads, 0.5-1 kW, the engine worked stably. At a higher load, 2.0 
kW, tests with all fuels could not be carried out, because based on the 
properties of different fuels, detonating combustion started to occur in 
the engine cylinder. More specifically, the test results are given in the 
article V and VI. 

As a result of the tests, it turned out that it is possible to use liquid fuels 
with a heavier fraction of EP, including DF and BDF, in the SI engine 
by applying the AFM heating method. The use of liquid fuels with heavy 
fractions is effective at low and medium engine loads. In this test series, 
fuels with heavy fractions could be used at up to 75% engine load. The 
heated AFM detonation temperatures 𝑐𝑐𝑐𝑐𝑑𝑑𝑑𝑑𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 were detected by engine 
tests, and the heated AFM tests were performed at temperatures 
somewhat below the detonation temperature. The AFM combustion 
process in the engine cylinder is affected by: (1) air-fuel mixture AFR, 
(2) AFM temperature, (3) engine load, (4) crankshaft rotations, (5) 
ignition angle, and (6) liquid fuel used. As a result of heating the AFM, 
the burning rate of the AFM changes and thus the duration and timing 
of the different burning phases. Therefore, a later ignition angle (31° 
BTDC) was applied in the tests compared to the factory setting of the 
engine, which allowed the tests to be performed at all engine loads 
selected for the tests. A special HEX was developed for the tests and 
added to the engine, between the FSS and the intake manifold (Fig. 10 
C; D, 11, V, VI). The developed HEX made it possible to control the 
temperature of the AFM, and heat energy 𝑇𝑇𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ.𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛 from the engine 
exhaust was used to heat the AFM. In addition to the combustion 
pressure, exhaust gas emissions (CO, CO2, HC, NOX) were measured. 
Table 6 and Figure 12 show the most important test results at a engine 
load of 1.5 kW. (VI) 

Based on the data in Table 6, the flame development phase (FDP) for 
EP experiments is 59° crank angle degree (CAD), and Figure 12 shows 
that the heat release rate (HRR) is smooth. Rapid burning phase (RBP) 
with a duration of 47° and a combustion process with a total length of 



4325 
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106°. Heated EP AFM FDP 32° and RBP 29° respectively. The course 
of HRR is smooth and significantly faster compared to unheated EP. 
Combustion duration is 61° CAD. Heated EF FDP is 50° and RBP 
duration is 40°. The HRR is similar to the unheated EP data, but with a 
somewhat later onset of the combustion process. The duration of 
combustion is 90°. Heated JF FDP is 42° and RBP is 48°, combustion 
duration is 90°. JF and EF HRR are similar. EP combustion lasts 30° 
less compared to EF and JF. The heated DF FDP is 49° and RBP is 72°, 
and the combustion duration is 121°. DF fuel consumption is 
significantly higher compared to other fuels. DF HRR is not stable. In 
the DF combustion process, clearly distinct combustion zones are 
formed, which is due to the chemical-physical properties of the fuel. 
FDP of heated HVO is 53° and RBP is 42°. The duration of combustion 
is 95°. In the graph of HVO and DF HRR, the combustion phases are 
clearly distinguished, which is characteristic of CI engines. The DF HRR 
graph shows a clear pre-ignition of the fuel mixture, −20 to −5 CAD, 
and the HVO graph shows −12 to −3 CAD. This is related to the 
combustion of fuel fractions, where the lighter fractions burn first and 
then the heavier fractions of the fuel ignite. (VI)

Figure 12. HRR at load 1.5 kW. (VI)
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Table 6. Engine test data at load 1.5 kW (V, VI) 

Parameter Unit EP Carb EP EF JF DF HVO 
𝐴𝐴𝐴𝐴𝑛𝑛𝑛𝑛 mm 0.8 0.8 0.8 0.8 0.8 0.8 
r % 25 44 32 24 40 35 
tenv °C 24 18 26 20 26 25 
tintake °C 30 107 100 61 80 58 
tdeto °C  115 110 68 87 65 
BTDC deg 48 31 31 31 31 31 
toil °C 88 91 104 88 82 83 
ne rpm 3008 2976 3011 3000 3020 3019 
ƛafm - 0.93 0.93 1.03 1.48 0.98 0.73 
Eteor J 363.5 348.0 312.7 229.3 415.7 473.0 
Bf kg/h 0.71 0.68 1.01 0.48 0.87 0.99 
Ba kg/h 9.73 9.32 9.42 10.46 12.62 10.70 
FDP deg –48-11 –31-1 –31-19 –31-11 –31-18 –31-22 
RBP deg 12-58 2-30 20-59 12-59 19-90 23-64 
ABP deg 59-138 31-50 60-139 60-137 91-141 65-139 
MFB 10 % deg 11 1 19 11 18 22 
MFB 50 % deg 25 16 35 24 42 33 
MFB 90 % deg 58 30 59 59 90 64 
O2 kg/h 1.11 1.17 1.33 1.25 1.36 1.38 
CO kg/h 0.04 0.05 0.07 0.01 0.03 0.12 
CO2 kg/h 0.75 0.63 0.57 0.73 0.76 0.68 
HC kg/h 9·10-4 5·10-4 2·10-4 8·10-4 7·10-4 17·10-4 
NOX kg/h 44·10-4 53·10-4 14·10-4 53·10-

 
23·10-4 13·10-4 

Soot FSN 3.5 0.6 4.1 4.4 8.9 9.3 
 
Analysing the combustion process of the heated AFM, it can be said that 
for EP and EF, the heating of the AFM allows to change the timing of 
the combustion phases and thereby slightly improve the combustion 
efficiency of the AFM. For JF, the combustion time of heated AFM is 
comparable to that of EF fuel. The combustion time of EP is about 30° 
shorter than that of JF and EF. Fuels with a heavy fraction burn 
differently in an SI engine compared to EP and EF fuels, because the 
combustion process produces the known combustion phases in a CI 
engine. Ignition and combustion of DF and HVO AFM in the engine 
cylinder is relatively fast. The differences between the DF and HVO 
combustion processes are due to the AFM temperature. Because the 
cetane number (CN) of HVO is significantly higher compared to DF, 
the HVO AFM cannot be heated as much as the DF AFM. DF 
combustion is uneven and cyclic compared to HVO fuel. At the same 
time, the high CN of the fuel increases the speed of the combustion 
process and the release of energy. For the use of DF and HVO at higher 
loads, an additional setting of the ignition angle is necessary to prevent 
detonation during combustion. By applying the AFM heating method, it 
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combustion processes are due to the AFM temperature. Because the 
cetane number (CN) of HVO is significantly higher compared to DF, 
the HVO AFM cannot be heated as much as the DF AFM. DF 
combustion is uneven and cyclic compared to HVO fuel. At the same 
time, the high CN of the fuel increases the speed of the combustion 
process and the release of energy. For the use of DF and HVO at higher 
loads, an additional setting of the ignition angle is necessary to prevent 
detonation during combustion. By applying the AFM heating method, it 
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is possible to use different liquid fuels in the SI engine. The faster 
combustion process of the heated AFM must be taken into account, and 
consequently the ignition angle must be set later according to the fuel. 
For fuels with heavier fractions, the AFM must limit the fuel flow during 
formation to ensure a high-quality AFR. 

AFM heating can reduce harmful components in exhaust gases. The 
measurements revealed a significant decrease in CO and HC content 
with EF, JF and DF fuels, as AFM heating makes the combustion phases 
faster. Therefore, there is more time for ABP and combustion efficiency 
increases. A similar effect can be achieved by optimizing the ignition 
angle 𝛼𝛼𝛼𝛼𝑖𝑖𝑖𝑖 according to the engine load 𝑃𝑃𝑃𝑃𝑒𝑒𝑒𝑒 and crankshaft rotation speed 
𝑐𝑐𝑐𝑐𝑒𝑒𝑒𝑒. 

5.2. The calculation of measurements uncertainty 

With the help of measurement uncertainty 𝑈𝑈𝑈𝑈 related to measuring 
devices, it is possible to calculate, with a certain probability, the probable 
measurement values𝑥𝑥𝑥𝑥𝑇𝑇𝑇𝑇 of the measurement values 𝑥𝑥𝑥𝑥 of the 
measurement quantities 𝑋𝑋𝑋𝑋 measured from the experiments. The 
measured quantities 𝑋𝑋𝑋𝑋 related to the measurement results and the 
uncertainty limits 𝑥𝑥𝑥𝑥 ∓ 𝑈𝑈𝑈𝑈 of the measuring device added to it, and the 
derived probability of 95% confidence that the probable measured value 
𝑥𝑥𝑥𝑥𝑇𝑇𝑇𝑇 is within limits 𝑥𝑥𝑥𝑥 ∓ 𝑈𝑈𝑈𝑈 of measurement uncertainty (Laaneots et al., 
2012). Standardized test methodologies were used in the tests, and 
therefore the measurement uncertainty limits 𝑥𝑥𝑥𝑥 ∓ 𝑈𝑈𝑈𝑈, i.e., the range of 
permissible limit deviations, of the measuring instrument specified in the 
standard were applied. The following measurements 𝑥𝑥𝑥𝑥𝑖𝑖𝑖𝑖 were obtained as 
a result of direct measurement; fuel consumption 𝐵𝐵𝐵𝐵𝑎𝑎𝑎𝑎, air consumption 
𝐵𝐵𝐵𝐵𝑎𝑎𝑎𝑎, cylinder pressures 𝑃𝑃𝑃𝑃𝑐𝑐𝑐𝑐 , exhaust gas components (CO, CO2, HC) and 
AFM temperature 𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎.𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛 and engine oil temperature 𝑐𝑐𝑐𝑐𝑜𝑜𝑜𝑜𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖. The output 
metrics HR, RHR and HRR calculated in the graphs are obtained from 
the metrics 𝑥𝑥𝑥𝑥𝑖𝑖𝑖𝑖 of the direct measurement results and then arithmetically 
averaged from the measurement data of 50 cycles. Therefore, the output 
metrics shown in the graphs are the results of indirect measurement, as 
the measurement results were obtained by calculation from the values 
of several input quantities. 

From the values of the individual results 𝑥𝑥𝑥𝑥𝑖𝑖𝑖𝑖 of measurements obtained 
from repeated measurements, the arithmetic mean of all obtained 
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measurement values 𝑥𝑥𝑥𝑥𝑥 was found using the following formula (Ilves, 
2014; Küüt, 2013; QUAM, 2012): 

 𝑥𝑥𝑥𝑥𝑥 = 1
𝑛𝑛𝑛𝑛
∑ 𝑥𝑥𝑥𝑥𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛
𝑖𝑖𝑖𝑖𝑖1 , (16) 

where 𝑐𝑐𝑐𝑐 is the number of measurements, 𝑥𝑥𝑥𝑥𝑖𝑖𝑖𝑖 is the measurement result, 
𝑥𝑥𝑥𝑥𝑥 is the arithmetic mean of the measurement results. Based on the 
arithmetic mean 𝑥𝑥𝑥𝑥𝑥 of the measurement values 𝑥𝑥𝑥𝑥 and the measurement 
results 𝑥𝑥𝑥𝑥𝑖𝑖𝑖𝑖 , we can calculate the experimental standard deviation 𝑢𝑢𝑢𝑢𝐴𝐴𝐴𝐴(𝑥𝑥𝑥𝑥𝑥) 
from the data (Laaneots et al., 2012; QUAM, 2012): 

 𝑢𝑢𝑢𝑢𝐴𝐴𝐴𝐴(𝑥𝑥𝑥𝑥𝑥) = �∑ (𝑒𝑒𝑒𝑒𝑖𝑖𝑖𝑖−𝑒𝑒𝑒𝑒𝑥)2𝑖𝑖𝑖𝑖
𝑖𝑖𝑖𝑖𝑖𝑖
𝑛𝑛𝑛𝑛(𝑛𝑛𝑛𝑛−1)

,                          (17) 

Deviations from the arithmetic mean correspond to a normal 
distribution and are found as follows (Laaneots et al., 2012; QUAM, 
2012): 

 𝑈𝑈𝑈𝑈𝐴𝐴𝐴𝐴(𝑥𝑥𝑥𝑥𝑥) = 𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎,𝛽𝛽𝛽𝛽�
∑ (𝑒𝑒𝑒𝑒𝑖𝑖𝑖𝑖−𝑒𝑒𝑒𝑒𝑥)2𝑖𝑖𝑖𝑖
𝑖𝑖𝑖𝑖𝑖𝑖
𝑛𝑛𝑛𝑛(𝑛𝑛𝑛𝑛−1)

,                           (18) 

in which 𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎,𝛽𝛽𝛽𝛽 is the reliability factor and the measurement data, in the 
case of a normal distribution, with a confidence of 95% is 𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎,𝛽𝛽𝛽𝛽 = 1.96. 
(Laaneots et al., 2012). In the evaluation of experimental data obtained 
from direct measurements, the B-type evaluation method was used for 
the evaluation of measurement uncertainty. Because it was based on 
standardized measurement methodology and measurement uncertainty 
data provided by the manufacturer of the measuring instrument. 
Assuming that the readings deviations 𝑒𝑒𝑒𝑒 correspond to a normal 
distribution, the B-type standard uncertainty 𝑢𝑢𝑢𝑢𝜋𝜋𝜋𝜋(𝑥𝑥𝑥𝑥)𝑎𝑎𝑎𝑎 due to the 
maximum permissible reading deviation 𝑒𝑒𝑒𝑒 of the measuring instruments 
and the permissible limit deviation is calculated by the following formula 
(Laaneots et al., 2012; QUAM, 2012): 

 𝑢𝑢𝑢𝑢𝜋𝜋𝜋𝜋(𝑥𝑥𝑥𝑥)𝑎𝑎𝑎𝑎 = 𝑒𝑒𝑒𝑒𝑝𝑝𝑝𝑝
3
, (19) 

Where 𝑒𝑒𝑒𝑒𝑝𝑝𝑝𝑝 is the maximum permissible reading deviation, 𝑒𝑒𝑒𝑒 is the 
permissible limit deviation. The corresponding B-type extended 
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is possible to use different liquid fuels in the SI engine. The faster 
combustion process of the heated AFM must be taken into account, and 
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results 𝑥𝑥𝑥𝑥𝑖𝑖𝑖𝑖 , we can calculate the experimental standard deviation 𝑢𝑢𝑢𝑢𝐴𝐴𝐴𝐴(𝑥𝑥𝑥𝑥𝑥) 
from the data (Laaneots et al., 2012; QUAM, 2012): 

 𝑢𝑢𝑢𝑢𝐴𝐴𝐴𝐴(𝑥𝑥𝑥𝑥𝑥) = �∑ (𝑒𝑒𝑒𝑒𝑖𝑖𝑖𝑖−𝑒𝑒𝑒𝑒𝑥)2𝑖𝑖𝑖𝑖
𝑖𝑖𝑖𝑖𝑖𝑖
𝑛𝑛𝑛𝑛(𝑛𝑛𝑛𝑛−1)

,                          (17) 

Deviations from the arithmetic mean correspond to a normal 
distribution and are found as follows (Laaneots et al., 2012; QUAM, 
2012): 

 𝑈𝑈𝑈𝑈𝐴𝐴𝐴𝐴(𝑥𝑥𝑥𝑥𝑥) = 𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎,𝛽𝛽𝛽𝛽�
∑ (𝑒𝑒𝑒𝑒𝑖𝑖𝑖𝑖−𝑒𝑒𝑒𝑒𝑥)2𝑖𝑖𝑖𝑖
𝑖𝑖𝑖𝑖𝑖𝑖
𝑛𝑛𝑛𝑛(𝑛𝑛𝑛𝑛−1)

,                           (18) 

in which 𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎,𝛽𝛽𝛽𝛽 is the reliability factor and the measurement data, in the 
case of a normal distribution, with a confidence of 95% is 𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎,𝛽𝛽𝛽𝛽 = 1.96. 
(Laaneots et al., 2012). In the evaluation of experimental data obtained 
from direct measurements, the B-type evaluation method was used for 
the evaluation of measurement uncertainty. Because it was based on 
standardized measurement methodology and measurement uncertainty 
data provided by the manufacturer of the measuring instrument. 
Assuming that the readings deviations 𝑒𝑒𝑒𝑒 correspond to a normal 
distribution, the B-type standard uncertainty 𝑢𝑢𝑢𝑢𝜋𝜋𝜋𝜋(𝑥𝑥𝑥𝑥)𝑎𝑎𝑎𝑎 due to the 
maximum permissible reading deviation 𝑒𝑒𝑒𝑒 of the measuring instruments 
and the permissible limit deviation is calculated by the following formula 
(Laaneots et al., 2012; QUAM, 2012): 

 𝑢𝑢𝑢𝑢𝜋𝜋𝜋𝜋(𝑥𝑥𝑥𝑥)𝑎𝑎𝑎𝑎 = 𝑒𝑒𝑒𝑒𝑝𝑝𝑝𝑝
3
, (19) 

Where 𝑒𝑒𝑒𝑒𝑝𝑝𝑝𝑝 is the maximum permissible reading deviation, 𝑒𝑒𝑒𝑒 is the 
permissible limit deviation. The corresponding B-type extended 
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uncertainty with confidence (𝛽𝛽𝛽𝛽) is expressed as follows (Laaneots et al., 
2012): 

 𝑢𝑢𝑢𝑢𝜋𝜋𝜋𝜋(𝑥𝑥𝑥𝑥)𝑎𝑎𝑎𝑎 = 𝑒𝑒𝑒𝑒𝑝𝑝𝑝𝑝
3
𝑐𝑐𝑐𝑐∞,𝛽𝛽𝛽𝛽, (20) 

where 𝑐𝑐𝑐𝑐∞,𝛽𝛽𝛽𝛽 is the 95% confidence factor 𝑐𝑐𝑐𝑐∞,𝛽𝛽𝛽𝛽 = 2 of the B-type 
extension determination is (Laaneots et al., 2012). 

We can then calculate the expanded compound uncertainty of the 
measurement results as follows (Laaneots et al., 2012; QUAM, 2012): 

                                     𝑈𝑈𝑈𝑈𝑐𝑐𝑐𝑐(�̅�𝑥𝑥𝑥) = �𝑈𝑈𝑈𝑈𝐴𝐴𝐴𝐴2(�̅�𝑥𝑥𝑥) + 𝑈𝑈𝑈𝑈𝜋𝜋𝜋𝜋2(𝑥𝑥𝑥𝑥)𝑎𝑎𝑎𝑎, (21) 

 

5.3. The uncertainty of the test measurement results 

The measurement accuracies of the measuring devices used in the 
experiments (∆= 𝑥𝑥𝑥𝑥 − 𝑥𝑥𝑥𝑥𝑇𝑇𝑇𝑇) are additionally shown in Table 5. Fuel 
consumption 𝐵𝐵𝐵𝐵𝑎𝑎𝑎𝑎 was measured with a CAS CI-2001A weighing device, 
the measurement accuracy of which (Δm=1 g) is on a scale of 0.5 – 
20,000 g (CI-2002A/B Owner’s Manual). The fuel consumption 𝐵𝐵𝐵𝐵𝑎𝑎𝑎𝑎 was 
recorded in the test every 60 s, a total of four (4) times, and the 
measurement error is described by the measurement error of the 
measuring device (Table 7). The permissible limit deviation 𝑒𝑒𝑒𝑒 from the 
reading deviation of the weighing device is 𝑒𝑒𝑒𝑒𝑝𝑝𝑝𝑝 = 1 g, and consequently 
the B-type standard uncertainty, according to: 

                                𝑢𝑢𝑢𝑢𝜋𝜋𝜋𝜋(g)𝑎𝑎𝑎𝑎 = 0.001
3

= 0.00033 g (22) 

and the corresponding B-type extended uncertainty 𝑈𝑈𝑈𝑈𝜋𝜋𝜋𝜋(g)𝑎𝑎𝑎𝑎 with 95% 
confidence is 0.00067 g. 
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Table 7. The measurement uncertainty of fuel consumption with a confidence 
interval of 95% with a heated fuel mixture at an engine load of 1.5 kW and a 
crankshaft rotation speed of 3000 rpm. 

Test g� 𝑈𝑈𝑈𝑈𝐴𝐴𝐴𝐴(g�) g� ± 𝑈𝑈𝑈𝑈𝑐𝑐𝑐𝑐(g�) 
EP Carb 11.75 g 0.49 g 11.75±0.49 g 
EP HEX Hot 11.25 g 0.49 g 11.25±0.49 g 
EF HEX Hot 16.75 g 0.94 g 16.75±0.94 g 
JF HEX Hot 8.0g 0.0 g 8.0±0.0007 g 
DF HEX Hot 14.5 g 1.27 g 14.5±1.27 g 
HVO HEX Hot 16.5 g 0.57 g 16.5± 0.57 g 

Air consumption 𝐵𝐵𝐵𝐵𝑎𝑎𝑎𝑎 was measured with the AVL Flowsonix Air 100 
measuring system, the measurement accuracy of which was < ±1% on 
the scale 0... 2600 kg/h. The air consumption 𝐵𝐵𝐵𝐵𝑎𝑎𝑎𝑎 was recorded every 60 
s in the experiment, for a total of four (4) times, and the measurement 
error is described by the measurement error of the measuring device 
(Table 8). The permissible limit deviation from the indication deviation 
𝑒𝑒𝑒𝑒 of the air consumption 𝐵𝐵𝐵𝐵𝑎𝑎𝑎𝑎 measuring device is 𝑒𝑒𝑒𝑒𝑝𝑝𝑝𝑝 = 1% and 
consequently the standard uncertainty of type B is respectively 
𝑢𝑢𝑢𝑢𝜋𝜋𝜋𝜋(kg)𝑎𝑎𝑎𝑎 = 0.01

3
= 0.0003 %, and the corresponding extended 

uncertainty 𝑈𝑈𝑈𝑈𝜋𝜋𝜋𝜋(kg)𝑎𝑎𝑎𝑎 of type B with 95% reliability is 0.00067 %. 

Table 8. The measurement uncertainty of air consumption with 95% confident 
level at a heated AFM engine load of 1.5 kW and crankshaft rotation speed of 3000 
rpm. 

Test kg��� 𝑈𝑈𝑈𝑈𝐴𝐴𝐴𝐴(kg���) kg��� ± 𝑈𝑈𝑈𝑈𝑐𝑐𝑐𝑐�kg���� 
EP Carb 9.73 kg 0.068 kg 9.73±0.068 kg 
EP HEX Hot 9.32 kg 0.022 kg 9.32±0.023 kg 
EF HEX Hot 9.42 kg 0.083 kg 9.42±0.083 kg 
JF HEX Hot 10.46 kg 0.084 kg 10.46±0.085 kg 
DF HEX Hot 12.65 kg 0.057 kg 12.65±0.057 kg 
HVO HEX Hot 10.70 kg 0.018 kg 10.70± 0.019 kg 

The hazardous components of exhaust gases CO, CO2 and HC were 
measured with the Boch BEA 350 measurement system, the 
measurement accuracy of which was as follows: CO measurement range 
0.000 - 10.00% of volume, CO2 measurement range 0.00 - 18.00% of 
volume and HC measurement accuracy 0 - 9999 ppm of volume. The 
hazardous components of exhaust gases were recorded every 30 s, for a 
total of eight (8) times, and the measurement error is described by the 
measurement error of the measuring device (Table 9). The permissible 
limit 𝑒𝑒𝑒𝑒𝑝𝑝𝑝𝑝 reading deviation 𝑒𝑒𝑒𝑒 from the reading deviation of the measuring 
device and, consequently, the B-type standard uncertainty according to: 
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uncertainty with confidence (𝛽𝛽𝛽𝛽) is expressed as follows (Laaneots et al., 
2012): 

 𝑢𝑢𝑢𝑢𝜋𝜋𝜋𝜋(𝑥𝑥𝑥𝑥)𝑎𝑎𝑎𝑎 = 𝑒𝑒𝑒𝑒𝑝𝑝𝑝𝑝
3
𝑐𝑐𝑐𝑐∞,𝛽𝛽𝛽𝛽, (20) 

where 𝑐𝑐𝑐𝑐∞,𝛽𝛽𝛽𝛽 is the 95% confidence factor 𝑐𝑐𝑐𝑐∞,𝛽𝛽𝛽𝛽 = 2 of the B-type 
extension determination is (Laaneots et al., 2012). 

We can then calculate the expanded compound uncertainty of the 
measurement results as follows (Laaneots et al., 2012; QUAM, 2012): 

                                     𝑈𝑈𝑈𝑈𝑐𝑐𝑐𝑐(�̅�𝑥𝑥𝑥) = �𝑈𝑈𝑈𝑈𝐴𝐴𝐴𝐴2(�̅�𝑥𝑥𝑥) + 𝑈𝑈𝑈𝑈𝜋𝜋𝜋𝜋2(𝑥𝑥𝑥𝑥)𝑎𝑎𝑎𝑎, (21) 

 

5.3. The uncertainty of the test measurement results 

The measurement accuracies of the measuring devices used in the 
experiments (∆= 𝑥𝑥𝑥𝑥 − 𝑥𝑥𝑥𝑥𝑇𝑇𝑇𝑇) are additionally shown in Table 5. Fuel 
consumption 𝐵𝐵𝐵𝐵𝑎𝑎𝑎𝑎 was measured with a CAS CI-2001A weighing device, 
the measurement accuracy of which (Δm=1 g) is on a scale of 0.5 – 
20,000 g (CI-2002A/B Owner’s Manual). The fuel consumption 𝐵𝐵𝐵𝐵𝑎𝑎𝑎𝑎 was 
recorded in the test every 60 s, a total of four (4) times, and the 
measurement error is described by the measurement error of the 
measuring device (Table 7). The permissible limit deviation 𝑒𝑒𝑒𝑒 from the 
reading deviation of the weighing device is 𝑒𝑒𝑒𝑒𝑝𝑝𝑝𝑝 = 1 g, and consequently 
the B-type standard uncertainty, according to: 

                                𝑢𝑢𝑢𝑢𝜋𝜋𝜋𝜋(g)𝑎𝑎𝑎𝑎 = 0.001
3

= 0.00033 g (22) 

and the corresponding B-type extended uncertainty 𝑈𝑈𝑈𝑈𝜋𝜋𝜋𝜋(g)𝑎𝑎𝑎𝑎 with 95% 
confidence is 0.00067 g. 

  

32 

Table 7. The measurement uncertainty of fuel consumption with a confidence 
interval of 95% with a heated fuel mixture at an engine load of 1.5 kW and a 
crankshaft rotation speed of 3000 rpm. 

Test g� 𝑈𝑈𝑈𝑈𝐴𝐴𝐴𝐴(g�) g� ± 𝑈𝑈𝑈𝑈𝑐𝑐𝑐𝑐(g�) 
EP Carb 11.75 g 0.49 g 11.75±0.49 g 
EP HEX Hot 11.25 g 0.49 g 11.25±0.49 g 
EF HEX Hot 16.75 g 0.94 g 16.75±0.94 g 
JF HEX Hot 8.0g 0.0 g 8.0±0.0007 g 
DF HEX Hot 14.5 g 1.27 g 14.5±1.27 g 
HVO HEX Hot 16.5 g 0.57 g 16.5± 0.57 g 

Air consumption 𝐵𝐵𝐵𝐵𝑎𝑎𝑎𝑎 was measured with the AVL Flowsonix Air 100 
measuring system, the measurement accuracy of which was < ±1% on 
the scale 0... 2600 kg/h. The air consumption 𝐵𝐵𝐵𝐵𝑎𝑎𝑎𝑎 was recorded every 60 
s in the experiment, for a total of four (4) times, and the measurement 
error is described by the measurement error of the measuring device 
(Table 8). The permissible limit deviation from the indication deviation 
𝑒𝑒𝑒𝑒 of the air consumption 𝐵𝐵𝐵𝐵𝑎𝑎𝑎𝑎 measuring device is 𝑒𝑒𝑒𝑒𝑝𝑝𝑝𝑝 = 1% and 
consequently the standard uncertainty of type B is respectively 
𝑢𝑢𝑢𝑢𝜋𝜋𝜋𝜋(kg)𝑎𝑎𝑎𝑎 = 0.01

3
= 0.0003 %, and the corresponding extended 

uncertainty 𝑈𝑈𝑈𝑈𝜋𝜋𝜋𝜋(kg)𝑎𝑎𝑎𝑎 of type B with 95% reliability is 0.00067 %. 

Table 8. The measurement uncertainty of air consumption with 95% confident 
level at a heated AFM engine load of 1.5 kW and crankshaft rotation speed of 3000 
rpm. 

Test kg��� 𝑈𝑈𝑈𝑈𝐴𝐴𝐴𝐴(kg���) kg��� ± 𝑈𝑈𝑈𝑈𝑐𝑐𝑐𝑐�kg���� 
EP Carb 9.73 kg 0.068 kg 9.73±0.068 kg 
EP HEX Hot 9.32 kg 0.022 kg 9.32±0.023 kg 
EF HEX Hot 9.42 kg 0.083 kg 9.42±0.083 kg 
JF HEX Hot 10.46 kg 0.084 kg 10.46±0.085 kg 
DF HEX Hot 12.65 kg 0.057 kg 12.65±0.057 kg 
HVO HEX Hot 10.70 kg 0.018 kg 10.70± 0.019 kg 

The hazardous components of exhaust gases CO, CO2 and HC were 
measured with the Boch BEA 350 measurement system, the 
measurement accuracy of which was as follows: CO measurement range 
0.000 - 10.00% of volume, CO2 measurement range 0.00 - 18.00% of 
volume and HC measurement accuracy 0 - 9999 ppm of volume. The 
hazardous components of exhaust gases were recorded every 30 s, for a 
total of eight (8) times, and the measurement error is described by the 
measurement error of the measuring device (Table 9). The permissible 
limit 𝑒𝑒𝑒𝑒𝑝𝑝𝑝𝑝 reading deviation 𝑒𝑒𝑒𝑒 from the reading deviation of the measuring 
device and, consequently, the B-type standard uncertainty according to: 
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(1) CO 𝑢𝑢𝑢𝑢𝜋𝜋𝜋𝜋(𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)𝑎𝑎𝑎𝑎 = 0.001
3

= 0.00033 and the corresponding B-type 
expanded uncertainty 𝑈𝑈𝑈𝑈𝜋𝜋𝜋𝜋(vol)𝑎𝑎𝑎𝑎 with 95% confidence level is 0.00067; 
(2) CO2 𝑢𝑢𝑢𝑢𝜋𝜋𝜋𝜋(vol)𝑎𝑎𝑎𝑎 = 0.01

3
= 0.0033 and the corresponding B-type 

expanded uncertainty 𝑈𝑈𝑈𝑈𝜋𝜋𝜋𝜋(ppm)𝑎𝑎𝑎𝑎 with 95% confidence level is 0.0067; 
(3) HC 𝑢𝑢𝑢𝑢𝜋𝜋𝜋𝜋(ppm)𝑎𝑎𝑎𝑎 = 1

3
= 0.33 pmm and the corresponding B-type 

expanded uncertainty 𝑈𝑈𝑈𝑈𝜋𝜋𝜋𝜋(ppm)𝑎𝑎𝑎𝑎 with 95% confidence level is 0.67 
ppm. 

Table 9. Measurement uncertainty of exhaust gases hazardous components with 
95% confidence level at heated AFR engine load 1.5 kW and crankshaft rotation 
speed 3000 rpm. 

Test  x� 𝑈𝑈𝑈𝑈𝐴𝐴𝐴𝐴(x�) x� ± 𝑈𝑈𝑈𝑈𝑐𝑐𝑐𝑐(x�) 
EP Carb CO 0.4 0.08 0.4±0.08 

CO2 7.2 0.04 7.2±0.04 
HC 84.9 13.88 84.9±13.7 

EP HEX Hot CO 0.5 0.1 0.5±0.1 
CO2 6.3 0.06 6.3±0.06 
HC 50.5 1.17 50.5±1.34 

EF HEX Hot CO 0.6 0.007 0.6±0.007 
CO2 5.4 0.07 5.4±0.07 
HC 21.2 0.49 21.2±0.82 

JF HEX Hot CO 0.09 0.0056 0.09±0.0056 
CO2 6.7 0.017 6.7±0.019 
HC 73 0.4 73±0.67 

DF HEX Hot CO 0.21 0.004 0.21±0.0038 
CO2 5.65 0.097 5.65±0.097 
HC 52.9 0.24 52.9±0.7 

HVO HEX Hot CO 1.07 0.01 1.07±0.01 
CO2 5.85 0.04 5.85±0.04 
HC 42.25 0.3 42.25±0.7 

Cylinder pressure 𝑃𝑃𝑃𝑃𝑐𝑐𝑐𝑐 was measured with an AVL system consisting of a 
pressure sensor, amplifier, management module and software. Averaged 
measurement results of (50) duty cycles were used in the calculations. 
The AVL 621 ZF43 spark ignition engine pressure sensor, amplifier and 
AVL 2P2E management module were used in the experiments. Among 
the system components, the ZF43 pressure sensor with a measurement 
scale of 0 – 250 bar and a measurement accuracy of Δbar =1.5 % had 
the largest measurement uncertainty. The permissible limit deviation 
from the readings deviation 𝑒𝑒𝑒𝑒 of the pressure sensor is 𝑒𝑒𝑒𝑒𝑝𝑝𝑝𝑝 = 1.5 %, and 
consequently the standard uncertainty of type B is 𝑢𝑢𝑢𝑢𝜋𝜋𝜋𝜋(bar)𝑎𝑎𝑎𝑎 = 1.5

3
=

0.5 bar, and the corresponding extended uncertainty 𝑈𝑈𝑈𝑈𝜋𝜋𝜋𝜋(g)𝑎𝑎𝑎𝑎 of type B 
with 95% confidence is 1.0 bar. The cylinder pressure 𝑃𝑃𝑃𝑃𝑐𝑐𝑐𝑐 results were 

34 

averaged bar����� and the experimental standard deviation 𝑢𝑢𝑢𝑢𝐴𝐴𝐴𝐴(bar�����) for 
heated AFM was not calculated. According to the purpose of the 
experiment, the AFM formed from different fuels was heated to the 
approximate AFM detonation temperature 𝑐𝑐𝑐𝑐𝑑𝑑𝑑𝑑𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒. This caused a 
difference in cycles and therefore the averaged cylinder pressures 𝑃𝑃𝑃𝑃𝑐𝑐𝑐𝑐 
were calculated and only the measurement device measurement 
uncertainity was taken into account. 
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(1) CO 𝑢𝑢𝑢𝑢𝜋𝜋𝜋𝜋(𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)𝑎𝑎𝑎𝑎 = 0.001
3

= 0.00033 and the corresponding B-type 
expanded uncertainty 𝑈𝑈𝑈𝑈𝜋𝜋𝜋𝜋(vol)𝑎𝑎𝑎𝑎 with 95% confidence level is 0.00067; 
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3
= 0.0033 and the corresponding B-type 

expanded uncertainty 𝑈𝑈𝑈𝑈𝜋𝜋𝜋𝜋(ppm)𝑎𝑎𝑎𝑎 with 95% confidence level is 0.0067; 
(3) HC 𝑢𝑢𝑢𝑢𝜋𝜋𝜋𝜋(ppm)𝑎𝑎𝑎𝑎 = 1

3
= 0.33 pmm and the corresponding B-type 

expanded uncertainty 𝑈𝑈𝑈𝑈𝜋𝜋𝜋𝜋(ppm)𝑎𝑎𝑎𝑎 with 95% confidence level is 0.67 
ppm. 

Table 9. Measurement uncertainty of exhaust gases hazardous components with 
95% confidence level at heated AFR engine load 1.5 kW and crankshaft rotation 
speed 3000 rpm. 

Test  x� 𝑈𝑈𝑈𝑈𝐴𝐴𝐴𝐴(x�) x� ± 𝑈𝑈𝑈𝑈𝑐𝑐𝑐𝑐(x�) 
EP Carb CO 0.4 0.08 0.4±0.08 

CO2 7.2 0.04 7.2±0.04 
HC 84.9 13.88 84.9±13.7 

EP HEX Hot CO 0.5 0.1 0.5±0.1 
CO2 6.3 0.06 6.3±0.06 
HC 50.5 1.17 50.5±1.34 

EF HEX Hot CO 0.6 0.007 0.6±0.007 
CO2 5.4 0.07 5.4±0.07 
HC 21.2 0.49 21.2±0.82 

JF HEX Hot CO 0.09 0.0056 0.09±0.0056 
CO2 6.7 0.017 6.7±0.019 
HC 73 0.4 73±0.67 

DF HEX Hot CO 0.21 0.004 0.21±0.0038 
CO2 5.65 0.097 5.65±0.097 
HC 52.9 0.24 52.9±0.7 

HVO HEX Hot CO 1.07 0.01 1.07±0.01 
CO2 5.85 0.04 5.85±0.04 
HC 42.25 0.3 42.25±0.7 

Cylinder pressure 𝑃𝑃𝑃𝑃𝑐𝑐𝑐𝑐 was measured with an AVL system consisting of a 
pressure sensor, amplifier, management module and software. Averaged 
measurement results of (50) duty cycles were used in the calculations. 
The AVL 621 ZF43 spark ignition engine pressure sensor, amplifier and 
AVL 2P2E management module were used in the experiments. Among 
the system components, the ZF43 pressure sensor with a measurement 
scale of 0 – 250 bar and a measurement accuracy of Δbar =1.5 % had 
the largest measurement uncertainty. The permissible limit deviation 
from the readings deviation 𝑒𝑒𝑒𝑒 of the pressure sensor is 𝑒𝑒𝑒𝑒𝑝𝑝𝑝𝑝 = 1.5 %, and 
consequently the standard uncertainty of type B is 𝑢𝑢𝑢𝑢𝜋𝜋𝜋𝜋(bar)𝑎𝑎𝑎𝑎 = 1.5

3
=

0.5 bar, and the corresponding extended uncertainty 𝑈𝑈𝑈𝑈𝜋𝜋𝜋𝜋(g)𝑎𝑎𝑎𝑎 of type B 
with 95% confidence is 1.0 bar. The cylinder pressure 𝑃𝑃𝑃𝑃𝑐𝑐𝑐𝑐 results were 
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averaged bar����� and the experimental standard deviation 𝑢𝑢𝑢𝑢𝐴𝐴𝐴𝐴(bar�����) for 
heated AFM was not calculated. According to the purpose of the 
experiment, the AFM formed from different fuels was heated to the 
approximate AFM detonation temperature 𝑐𝑐𝑐𝑐𝑑𝑑𝑑𝑑𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒. This caused a 
difference in cycles and therefore the averaged cylinder pressures 𝑃𝑃𝑃𝑃𝑐𝑐𝑐𝑐 
were calculated and only the measurement device measurement 
uncertainity was taken into account. 
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CONCLUSIONS

Energy security threats affect all security areas of  the country, including 
state management. Modern state governance is based on a core network 
with nodes spread across different geographic locations. In times of  
crisis and war, there is a high probability that the operation of  electrical 
networks will be disrupted, and therefore some distribution networks 
may remain without electricity. As a result, important nodes of  the 
core networks of  the country's critical infrastructure are also without 
electricity.

The aim of  the work was to develop an air-fuel mixture processing 
system made of  different liquid fuels for the SI engine, and its suitability 
in practice was evaluated. The aim of  the system is to adapt the air-
fuel mixture for use in the SI engine to ensure distributed electricity 
production in times of  crisis and war to support the country's critical 
infrastructure.

To achieve the goal, the following tasks were solved:

1. An overview of  the impact of  EU and NATO legislative acts on the 
liquid fuels used today and in the near future was given, and their 
significance in a crisis situation was analysed.

2. Solutions for solving problems related to energy security in Estonia 
were analysed.

3. The use of  diesel and biodiesel fuel in the CI engine was analysed 
and the bottlenecks in the use of  the aforementioned fuels were 
pointed out.

4. The technical solution of  the air-fuel mixture treatment system 
made from different fuels was developed.

5. The developed solution was improved so that it was suitable for use 
on the SI engine and engine tests were carried out.

6. The data obtained during the engine tests were analysed and the 
suitability of  the developed system for practical use on the SI engine 
was evaluated.
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The results based on the tasks are summarized as follows:

In connection with EU goals, Estonia is required to sell fuels with bio-
additives, engine gasoline E10 and diesel fuel B7. A small amount of  
synthetic fuels, methanol and pyrolyzed diesel fuel are added to them. 
The crisis reserve in Estonia does not increase in volume or change in 
proportions. Liquid fuel reserves of  90 days will continue to be kept, 
of  which 45% are physically on the territory of  Estonia (OSPA, 2021). 
The operational units of  the NATO ground forces in Estonia mainly 
use the local DF, and the air force continues to use the JF. JF may be 
available at the beginning of  a crisis, but additional quantities will arrive 
in the country with the maritime and land component of  the NATO 
MNF NE, on top of  which there may be increased quantities of  JF that 
could be used to support the country's critical infrastructure. As a result, 
limited quantities of  E10, B7, FAME, HVO, methanol and JF fuel can 
be used in a crisis situation. 

As a solution to energy security in a crisis situation, the use of  renewable 
energy solutions is irrelevant, precisely because of  the volatility of  
energy production. The use of  green hydrogen as a engine fuel is not 
likely, considering the peculiarities of  its production, storage, supply, 
and refuelling. The use of  hydrogen fuel cells in mobile applications 
in the next decade is unlikely because fuel cells are not widely used. In 
connection with hybrid car engines, it may be possible to use different 
engine-generators for the production of  electricity, but mono fuel is 
still a problem. In a crisis situation, the missing electrical energy can 
be produced with widespread SI engine-generators, but in their case, 
flexibility in the use of  fuels is important.

We can improve DF ignition and combustion by heating the AFM. 
During the doctoral thesis, a solution was developed for the use of  
fuels with different fractions in the SI engine. Based on the autoignition 
temperature of  the fuels, the theoretical AFM temperatures at which the 
AFM ignites in the SI engine were calculated.

A total of  six HEXs for AFM heating were developed and tested during 
the doctoral thesis. The solution that worked was a plate shape HEX 
located between the FSS and the engine intake manifold. The AFM 
heating system is designed to heat the AFM prepared in different fuels 
to ensure their ignition in the SI engine. When evaluating the effect of  
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the heated AFM on the operation of  the SI, it appeared that the engine 
with a fixed ignition angle of  31° BTDC worked at loads up to 75%. 
Fuels with heavy fractions (DF, HVO) burn somewhat differently in 
the SI engine compared to EP and EF fuels. In the combustion process 
of  DF and HVO, distinctive phases (premixed controlled and mixing 
controlled phases) occur, which are not characteristic of  an SI engine.

At heavier engine loads (greater than 75%), the heated AFM combustion 
duration is shorter. Fuels with heavy fractions combustion differently 
in an SI engine at a given load compared to EP and EF. Distinctive 
phases occur in the combustion process of  DF and HVO, which are 
characteristic of  the combustion process of  a diesel engine. Ignition 
and combustion of  DF and HVO AFM in the engine cylinder is fast. 
DF combustion is unstable compared to HVO fuel. To use DF and 
HVO at higher engine loads, an additional ignition angle must be set 
so that AFM ignition is not too early. In the case of  EP and EF fuels, 
AFM heating allows changing the timing of  the combustion phases and 
thereby improving the AFM combustion efficiency somewhat. AFM 
heating accelerates the phase of  flame propagation and rapid burning in 
the combustion process. The use of  heavier fraction fuels (DK, HVO) 
in the SI engine with a fixed ignition angle of  31° BTDC is effective at 
loads up to 75%. At 100% load, problems arise during fuel combustion 
due to the physico-chemical properties of  rocket fuels. EF and DF AFM 
require more heating and a later modification of  the ignition angle.

The conducted research and the developed solution contribute to the 
production of  distributed electricity with SI GENSET in a crisis or war 
situation, using currently available liquid fuel to supply the country's 
information systems with electricity until NATO Article 5 is triggered, 
if  necessary.



55

REFERENCES

Amicabile, S., Lee, J.-I., Kum, D., 2015. A comprehensive design 
methodology of  organic Rankine cycles for the waste heat recovery 
of  automotive heavy-duty diesel engines. Appl. Therm. Eng. 87, 
574–585. https://doi.org/10.1016/j.applthermaleng.2015.04.034

Bari, S., Hossain, S.N., 2015. Design and Optimization of  Compact 
Heat Exchangers to be Retrofitted into a Vehicle for Heat Recovery 
from a Diesel Engine. Procedia Eng., The 6th BSME International 
Conference on Thermal Engineering 105, 472–479. https://doi.
org/10.1016/j.proeng.2015.05.077

Bartis, J.T., Van Bibber, L., 2011. Alternative fuels for military applications, 
Rand Corporation monograph series. RAND, Santa Monica, CA.

Daccord, R., 2017. Cost to benefit ratio of  an exhaust heat recovery 
system on a long haul truck. Energy Procedia 129, 740–745. https://
doi.org/10.1016/j.egypro.2017.09.108

Eftekhar, M., Keshavarz, A., 2011. Reducing the emissions and fuel 
consumption of  a spark ignition engine by utilizing heat exchangers 
in the exhaust gas stream. Proc. Inst. Mech. Eng. Part J. Automob. 
Eng. 225, 760–770. https://doi.org/10.1177/0954407011399824

Ericson, S.J., Olis, D.R., 2019. A Comparison of  Fuel Choice for Backup 
Generators (No. NREL/TP--6A50-72509, 1505554). https://doi.
org/10.2172/1505554

EU/Com, 2016. Proposal for a Regulation of  the European Parliament 
and of  the Council on the monitoring and reporting of  CO2 
emissions from and fuel consumption of  new heavy-duty vehicles. 
Hart Publishing. https://doi.org/10.5040/9781782258674

EU/Dir, 2018. DIRECTIVE  (EU)  2018/  2001  OF  THE  EUROPEAN  
PARLIAMENT  AND  OF  THE  COUNCIL  -  of   11 December  
2018  -  on  the  promotion  of   the  use  of   energy  from  renewable  
sources 128.

EU/Dir 2004, 2004. Directive 2004/39/Ec of  the European Parliament 
and of  the Council of  21 April 2004, in: Core Statutes on Company 
Law. Macmillan Education UK, London, pp. 757–759. https://doi.
org/10.1007/978-1-137-54507-7_21



56

EVS, 2017. EVS-EN 228:2012/NA:2017 [WWW Document]. EVS. 
URL https://www.evs.ee/et/evs-en-228-2012-na-2017 (accessed 
2.1.21).

Gabiña, G., Martin, L., Basurko, O.C., Clemente, M., Aldekoa, S., Uriondo, 
Z., 2019. Performance of  marine diesel engine in propulsion mode 
with a waste oil-based alternative fuel. Fuel 235, 259–268. https://
doi.org/10.1016/j.fuel.2018.07.113

Grubliauskas, J., 2014. NATO Review - NATO’s energy security agenda 
[WWW Document]. NATO Rev. URL https://www.nato.int/docu/
review/articles/2014/05/09/natos-energy-security-agenda/index.
html (accessed 5.16.21).

Haseli, Y., 2018. Maximum conversion efficiency of  hydrogen fuel cells. 
Int. J. Hydrog. Energy 43, 9015–9021. https://doi.org/10.1016/j.
ijhydene.2018.03.076

Heywood, J., 2018. Internal Combustion Engine Fundamentals 2E, 2nd 
Edition. ed. McGraw-Hill Education, New York.

Heywood, J.B., 2018. Internal Combustion Engine Fundamentals, 
Second Edition. McGraw-Hill Education.

Ilves, R., 2014. FUEL SUPPLY SYSTEM OF PISTON ENGINE 
WORKING ON LIQUID BIOFUELS. Estonian University of  Life 
Sciences, Tartu.

Jia, B., Tian, G., Feng, H., Zuo, Z., Roskilly, T., 2015a. An experimental 
investigation into the starting process of  free-piston engine generator. 
Appl. Energy. https://doi.org/10.1016/j.apenergy.2015.02.065

Jia, B., Zuo, Z., Feng, H., Tian, G., Roskilly, A.P., 2015b. Investigation of  
the Starting Process of  Free-piston Engine Generator by Mechanical 
Resonance. Energy Procedia 61.

Khorasani, S., Moosavi, A., Dadvand, A., Hashemian, M., 2019. 
A comprehensive second law analysis of  coil side air injection 
in the shell and coiled tube heat exchanger: An experimental 
study. Appl. Therm. Eng. 150, 80–87. https://doi.org/10.1016/j.
applthermaleng.2018.12.163

Krumdieck, S., Engel, F., Meyer, D., 2013. Experimental Characterization 
of  the Thermal Performance of  a Finned-Tube Heat Exchanger.

Küüt, A., 2013. CHARACTERISTICS OF BIOETHANOL FUEL 
OBTAINED FROM LIGNOCELLULOSE BIOMASS IN 



57

INTERNAL COMBUSTION RECIPROCATING ENGINES 
WITH SPARK- AND COMPRESSIONIGNITION. Estonian 
University of  Life Sciences, Tartu.

Küüt, A., Ilves, R., Küüt, K., Raide, V., Ritslaid, K., Olt, J., 2017. 
Influence of  European Union Directives on the Use of  Liquid 
Biofuel in the Transport Sector. Procedia Eng. 187, 30–39. https://
doi.org/10.1016/j.proeng.2017.04.346

Laaneots, R., Mathiesen, O., Riim, J., 2012. Mõõtmiste alused. Tallinna 
Raamatu trükikoda, Tallinn.

Lauf, J., 2020a. Hydrogen as Fuel: Production and Costs A closer look 
to highly regulated market situations. ENERGY HIGHLIGHTS, 
NATO ENERGY SECURITY CENTRE OF EXCELLENCE 
ENERGY HIGHLIGHTS 14, 15–29.

Lauf, J., 2020b. Replacing NATO F-34: Technologies and economic 
aspects of  using secondary carbon sources for Power-to-Fuel 
production. ENERGY HIGHLIGHTS, ENERGY HIGHLIGHTS, 
NATO ENERGY SECURITY CENTRE OF EXCELLENCE 
30–51.

Lee, S., Bae, C., 2007. The application of  an exhaust heat exchanger to 
protect the catalyst and improve the fuel economy in a spark-ignition 
engine. Proc. Inst. Mech. Eng. Part J. Automob. Eng. 221, 621–628. 
https://doi.org/10.1243/09544070JAUTO190

Liu, J., Huang, Q., Ulishney, C., Dumitrescu, C.E., 2021. Machine 
learning assisted prediction of  exhaust gas temperature of  a heavy-
duty natural gas spark ignition engine. Appl. Energy 300, 117413. 
https://doi.org/10.1016/j.apenergy.2021.117413

Lohse-Busch, H., Stutenberg, K., 2018. Technology Assessment of  a 
Fuel Cell Vehicle: 2017  Toyota Mirai. FY 2018 Annu. Prog. Rep. 
DOE Hydrogen and Fuel Cells Program, 7.

Nadaf, S.L., Gangavati, P.B., 2014. A REVIEW ON WASTE HEAT 
RECOVERY AND UTILIZATION FROM DIESEL ENGINES 9.

NATO, 2019. Smart Energy [WWW Document]. URL https://
natolibguides.info/smartenergy

NATO, 1997. NATO Logistic Handbook_Chapter 15_Fuels, Oils, 
Lubrications and Petrol Handling Equipment [WWW Document]. 



58

NATO. URL // https://www.nato.int/docu/logi-en/1997/lo-1511.
htm. (accessed 10.21.20).

OSPA, 2021. OSPA [WWW Document]. Est. Oil Stock. Agency Eesti 
Vedelkütusevaru Agent. URL https://ospa.ee/ (accessed 5.17.21).

Pera, M.E.L., 2005. The Reality of  the Single-Fuel Concept. Prof. Bull. 
37, 6. https://doi.org/700-05-02

Perner, J., Unteutsch, M., Lövenich, A., 2018. The Future Cost of  
Electricity-Based Synthetic Fuels. Agora Verkehrswende Front. 
Econ. 96. https://doi.org/133/06-S-2018/EN

Petkevičius, R., 2020. By COL Romualdas Petkevičius (LTU-AF) Director 
of  the NATO ENSEC COE. ENERGY HIGHLIGHTS, ENERGY 
HIGHLIGHTS, NATO ENERGY SECURITY CENTRE OF 
EXCELLENCE 2020, 4.

Pizzonia, F., Castiglione, T., Bova, S., 2016. A Robust Model Predictive 
Control for efficient thermal management of  internal combustion 
engines. Appl. Energy 169, 555–566. https://doi.org/10.1016/j.
apenergy.2016.02.063

QUAM, 2012. Quantifying Uncertainty in Analytical Measurement, 
Third Edition. ed, QUAM:2012.P1. EURACHEM/CITAC Guide.

Raide, V., Ilves, R., Küüt, A., Küüt, K., Olt, J., 2017. Existing state of  art 
of  free-piston engines. Agron. Res. 15, 1204–1222.

RT, 2019. Requirements for Liquid Fuels – Riigi Teataja [WWW 
Document]. URL https://www.riigiteataja.ee/en/eli/522102019001/
consolide (accessed 6.9.21).

RT, 2016. Vedelkütuste kohta esitatavad keskkonnanõuded, biokütuste 
säästlikkuse kriteeriumid, vedelkütuste keskkonnanõuetele vastavuse 
seire ja aruandmise kord ning biokütuste ja vedelate biokütuste 
kasutamisest tuleneva kasvuhoonegaaside heitkoguste vähenemise 
määramise metoodika – Riigi Teataja [WWW Document]. URL 
https://www.riigiteataja.ee/akt/122122016027 (accessed 11.5.20).

RT, 1994. Eesti Vabariigi ja Põhja-Atlandi Lepingu Organisatsiooni 
julgeolekukokkulepe–Riigi Teataja [WWW Document]. URL https://
www.riigiteataja.ee/akt/78225 (accessed 2.20.23).

Shahadat, M.M.Z., Nabi, M.N., Akhter, M.S., Tushar, M.S.H.K., 2008. 
Combined Effect of  EGR and Inlet Air Preheating on Engine 



59

Performance in Diesel Engine. MMZ Shahadat Al Int. Energy J. 9 
2008 109-116 9, 109–116.

SIS, 2021. Andmevahetuskiht X-tee | Riigi Infosüsteemi Amet [WWW 
Document]. State Inf. Syst. URL andmevahetuskiht-x-tee.html 
(accessed 6.7.21).

Sorensen, B., Spazzafumo, G., 2018. Hydrogen and Fuel Cells, 3rd 
Edition.

Sterner, M., Stadler, I., 2014. Energiespeicher - Bedarf, Technologien, 
Integration. Springer-Verlag.

Walker, D.H., Harvey, A.C., Longo, N.B., 2010. Fog carburetor. 
US20100170481A1.

Xiao, J., Li, Q., Huang, Z., 2010. Motion characteristic of  a free 
piston linear engine. Appl. Energy 87, 1288–1294. https://doi.
org/10.1016/j.apenergy.2009.07.005

Yue, M., Lambert, H., Pahon, E., Roche, R., Jemei, S., Hissel, D., 
2021. Hydrogen energy systems: A critical review of  technologies, 
applications, trends and challenges. Renew. Sustain. Energy Rev. 146, 
111180. https://doi.org/10.1016/j.rser.2021.111180

Zhang, T., Wang, P., Chen, H., Pei, P., 2018. A review of  automotive 
proton exchange membrane fuel cell degradation under start-stop 
operating condition. Appl. Energy 223, 249–262.



60

KOKKUVÕTE

Energiajulgeoleku ohud mõjutavad riigi kõiki julgeolekuvaldkondi kaasa 
arvatud riigi juhtimist. Kaasaegne riigi juhtimine põhineb tuumvõrgul, 
mille sõlmed on hajutatud erinevatesse geograafilistesse asukohtadesse. 
Kriisi- ja sõjaajal on suure tõenäosusega elektrivõrkude töö häiritud ja 
seetõttu võivad osad jaotusvõrgud jääda elektrita. Elektrita on sellest 
tulenevalt ka riigi kriitilise infrastruktuuri tuumvõrkude olulised sõlmed.

Töö eesmärgiks oli töötada välja erinevatest vedelkütustest moodustatud 
küttesegu töötlemise süsteem sisepõlemismootorile ja hinnati selle 
sobivust praktikas. Süsteemi eesmärgiks on kohandada küttesegu 
sisepõlemismootoris kasutamiseks, et tagada kriisi- ja sõjaajal 
hajuseleketrienergia tootmine riigi kriitilise infrastruktuuri toetamiseks.

Eesmärgi saavutamiseks lahendati järgnevad ülesanded:

1. Anti ülevaade EL ja NATO seadusandlike aktide mõjust 
kasutatavatele vedelkütustele täna ja lähitulevikus, ning analüüsiti 
nende olulisust kriisolukorras.

2. Analüüsiti lahendusi energiajulgeolekuga seotud probleemide 
lahendamiseks Eestis.

3. Analüüsiti diisli- ja biodiislikütuse kasutamist survesüütega mootoris 
ning toodi välja eeltoodud kütuste kasutamise kitsaskohad.

4. Töötati välja erinevatest kütustest valmistatud küttesegu töötlemise 
süsteemi tehniline lahendus.

5. Täiendati väljatöötatud lahendust nii, et see sobiks kasutamiseks SI 
mootoril ning viidi läbi mootorikatsetused.

6. Analüüsiti mootorikatsetustel saadud andmeid ning hinnati 
väljatöötatud süsteemi sobivust sädesüütega mootoril praktiliseks 
kasutamiseks.

Tulemused lähtuvalt ülesannetest on toodud kokkuvõtlikult järgnevalt:

EL eesmärkidega seoses on Eestis nõue müüa biolisandiga kütuseid, 
mootoribensiin E10 ja diislikütus B7. Nendele lisandub väike kogus 
sünteetilisi kütuseid, metanool ja pürolüüsitud diislikütus. Kriisivaru 
Eestis ei suurene mahtudelt ega muutu proportsioonidelt. Jätkuvalt 
hoitakse 90 päeva vedelkütuse reserve, millest 45% varu on füüsiliselt Eesti 
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territooriumil (OSPA, 2021). NATO maavägede operatsiooniüksused 
Eestis, kasutavad peamiselt kohapealset diislikütust DF ja lennuvägi 
jätkuvalt lennukikütust. Lennukikütus võib olla kättesaadav kriisi alguses, 
kuid täiendavad kogused riiki jõuavad koos NATO MNF NE mere- ja 
maaväe komponentidega, peale mida võib suureneda lennukikütuse 
kogused, mida oleks võimalik kasutada riigi kriitilise infrastruktuuri 
toetamiseks. Sellest tulenevalt on kriisiolukorras kasutada piiratud 
kogused kütust E10, B7, FAME, HVO, metanool ning lennukikütus. 

Energiajulgeoleku lahendusena kriisiolukorras on taastuvenergia 
lahenduste kasutamine ebaoluline, just energiatootmise kõikuvuse tõttu. 
Rohevesiniku kasutamine mootorikütusena ei ole tõenäoline, arvestades 
selle tootmise, ladustamise, juurdeveo ja tankimise eripäradega. Vesiniku 
kütuse-elementide kasutamine mobiilsetes rakendustes järgneval 
dekaadil on vähe tõenäoline, kuna kütuseelemendid ei ole laialt levinud. 
Seoses autode hübriid-mootoritega võib olla võimalik kasutada 
erinevaid mootor-generaatoreid elektrienergia tootmiseks, kuid jätkuvalt 
on probleemiks ühekütuselisus. Kriisisituatsioonis saab puuduvat 
elektrienergiat toota laialtlevinud SI mootor-generaatoritega kuid nende 
puhul on oluline kütuste kasutamise paindlikkus.

Diislikütuse süttimist ja põlemist saame parendada küttesegu 
kuumutamisega. Doktoritöö käigus töötati välja lahendus erinevate 
fraktsioonidega kütuste kasutamiseks sädesüütega mootoris. Lähtuvalt 
kütuste isesüttimistemperatuurist, arvutati teoreetilised küttesegu 
temperatuurid, mille puhul küttesegu süttib sädesüütega mootoris.

Doktoritöö käigus arendati ja testiti kokku kuus küttesegu kuumutamiseks 
mõeldud soojusvahetit. Töötavaks lahenduseks oli plaattüüpi 
soojusvaheti, mis paiknes toitesüsteemi ja mootori sisselaskekollektori 
vahel. Küttesegu kuumutamise süsteem on ettenähtud erinevatest 
kütustes valmistatud küttesegu kuumutamiseks, et tagada nende 
süttimine sädesüütega mootoris. Kuumutatud küttesegu mõju hindamisel 
sädesüütega mootori tööle ilmnes, et fikseeritud süütenurgaga 31° BTDC 
töötas mootor koormustel kuni 75%. Raskete fraktsioonidega kütused 
nagu diislikütus ja  HVO põlevad sädesüütega mootoris mõnevõrra 
erinevalt, võrreldes mootoribensiini ja etanoolkütusega. Diislikütus ja 
HVO põlemisprotsessis tekivad eristuvad faasid (premixed controlled 
and mixing controlled phases), mis ei ole iseloomulikud sädesüütega 
mootorile.
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Suurtel mootori koormustel (suurem kui 75%) on kuumutatud küttesegu 
põlemise kestus lühem. Raskete fraktsioonidega kütused põlevad antud 
koormusel sädesüütega mootoris erinevalt, võrreldes mootoribensiini 
ja etanoolkütusega. Diislikütus ja HVO põlemisprotsessis tekivad 
eristuvad faasid, mis on iseloomulikud diiselmootori põlemisprotsessile. 
Diislikütus ja HVO küttesegu süttimine ja põlemine mootori silindris on 
kiire. Diislikütuse põlemine on ebastabiilne võrreldes HVO kütusega. 
Diislikütuse ja HVO kasutamiseks suurematel mootori koormustel peab 
seadistama täiendavalt süütenurka, et küttesegu süttimine ei oleks liiga 
varajane. Mootoribensiini ja etanoolkütuse puhul võimaldab küttesegu 
kuumutamine muuta põlemisfaaside ajastust ning seeläbi parandada 
mõnevõrra küttesegu põlemise efektiivsust. Küttesegu kuumutamine 
kiirendab põlemisprotsessis just leegi leviku ja kiire põlemise faasi. 
Raskemate fraktsiooniga kütuste (diislikütus, HVO) kasutamine 
sädesüütega mootoris fikseeritud süütenurgaga 31° BTDC on efektiivne 
kuni 75% koormustel. 100% koormusel tekivad kütuste põlemisel 
probleemid, mis on tingitud rakete kütuste füüsikalis-keemilistest 
omadustest. Etanoolkütusest ja diislikütusest DF valmistatud küttesegu 
vajab rohkem kuumutamist ning süütenurga hilisemaks muutmist.
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INTRODUCTION 
 

The world’s growing electricity deficit forces us to evaluate other options when it 
comes to energy resources and technology. Over the next two decades, oil will remain 
the world’s main energy source but it will not cover the growing demand for energy. 
This perspective compels us to develop combustion technology and to find energy 
alternatives. Fuel converted to electrical power via ‘engine generators’ (GENSET) is a 
relatively quick process. Mobile power generation is under constant development (Lund, 
2008) and solutions are sought in many sectors. The US Land Forces stated that, in 2020, 
new technology will produce 75% of operation electricity (Defence Update, 2003), and 
the EU will replace conventional fuels with 20% renewable energy. These objectives 
determine the development directions in all energy areas including the automotive 
industry. 

Environmentally-friendly combustion technology will be progressively introduced 
and engine production will evolve in the direction of hybrid engines. In terms of the 
automobile industry, significant technological developments focus primarily on electric 
and hybrid cars which have the potential to consume less energy and reduce emissions. 
Developments influence and determine mobile electricity production with renewable 
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fuels as being key to progress. One internal combustion engine research area is the free-
piston engine (FPE), which was abandoned in the middle of the previous century but 
which is currently making something of a comeback in terms of low levels of power 
production. The return of FPE technology is significantly influenced by IT developments 
which provide faster processors and more sensitive sensors to control the way engines 
work. Technology compactness and improved capacity parameters make FPE an 
attractive and promising technology. More deeply FPE-related concepts are being 
studied by Achten and Aichlamyr (Achten, 1994; Aichlmayr, 2002) but technology has 
evolved and improved in the meantime. 

In this article, FPE studies are provided with an overview and are cited in 
association with the developments of the previous decade. Chapters are divided based 
upon problems and in highlighting the pros and cons of the technology. According to the 
analysis which has been carried out, (1) FPE concepts are mapped out and the list of 
usable technology developments is improved by the addition of the latest inventions 
(Table 1); (2) the engine mechanics are debated in connection with simulations and 
engine control; (3) the principles behind starting-up an engine are critically reviewed, 
along with the provision of technical examples; and (4) focuses on engine combustion 
stability and starting an analysis which was carried out in particularly changing load 
conditions. Finally, an overview is presented and discussed along with the provision of 
an FPE solution for the mobile GENSET. 

 
ENGINE CONCEPTS 

 
The FPE can be divided into three groups by its actions and extractions (Mikalsen 

& Roskilly, 2007), and by more complex configurations using three cylinders and four 
pistons (Hung et al., 2015). The configurations mentioned use piston motion in order to 
achieve any useful work. For example, the technology implements and supercharges 
power turbine rotational movement. The single piston FPE consists of only a few parts: 
(1) the cylinder; (2) the load device; and (3) the rebound device which stores energy for 
the next compression. The surplus energy is directed towards hydraulic, pneumatic, or 
electrical power production. The dual FPE configuration skips the rebound chamber 
since combustion provides compression for the next stroke. This omission increases the 
overall power to weight ratio. Dual technology is the area which sees the most research 
and development, so a number of patented designs are available. The patents are found 
in all three types of hydraulic, pneumatic, and electrical power production. The challenge 
in terms of FPE is in achieving control of: (1) the piston motion; (2) the stroke length; 
and (3) compression due to sensitivity to load and cycle-to-cycle variations (Aichlmayr, 
2002). The most common designs are illustrated and general pros, cons, and loads are 
described in Table 1. 
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Table 1. Common free-piston engine designs 

Configuration Representation Pros / Cons/General 
description/ Load 

a) Single piston and one 
cylinder solution (Achten 
et al., 2000; Zhang et al., 
2015a; Zhang et al., 2015b 
Zhao et al., 2010; Zhao et 
al., 2013; Zhao et al., 2014; 
Brunner et al., 2005; 
Hibi&Ito, 2004; Kock et 
al., 2013) 

 

Simple design, 
compact, unbalanced, 
counterweights may be 
needed, allows long 
stroke, scavenging or 
injection fuelling, 
exhaust ports or valves 
for the outlet. 

b) Single piston rod, two 
piston and two cylinder 
solution (Mikalsen et al., 
2010; Jia et al., 2014a;  
Jia et al., 2015a; Jia et al., 
2015b, Mikalsen & 
Roskilly, Part 1, 2010; 
Xiao et al., 2010; Tikkanen 
et al., 2000; Clark et al., 
1998; Blarigan et al., 1998; 
Fredriksson & Denbratt, 
2004; Xu & Chang, 2010; 
Robinson & Clark, 2016) 

 

Every revolution two 
power strokes, better 
power output, massive 
piston causes 
unbalance, long stroke, 
challenge to control, 
great power output, 
loading hydraulic or 
electric generator, 
scavenging or injection 
fuelling, exhaust ports 
or valves for outlet. 

c) Two opposed piston, 
two piston rods and one 
cylinder solution  
(Wu et al., 2014;  
Xu et al., 2011; 
Zhou et al., 2005) 

 

Concurrent 
combustion, separate 
bounce, and load 
chambers, challenge to 
control, loading 
hydraulic or producing 
high pressure for the 
turbine, scavenging or 
injection fuelling, 
exhaust ports or valves 
for the outlet. 

d) Two opposed piston, 
two piston rods and one 
cylinder with 
synchronisation rods 
(Achten, 1994;  
Hanipah et al.,2015; 
Mikalsen & Roskilly, 
2007a; Aichlmayr, 2002) 

 

Concurrent combustion, 
piston synchronization, 
minimal vibration, 
separate bounce and 
load chambers, loading 
hydraulic or producing 
high pressure for 
turbine, scavenging or 
injection fuelling, 
exhaust ports or valves 
for the outlet. 
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Table 1 (continued) 
e) Four piston, opposed –
dual, two piston rods and 
three cylinders solution 
(Nguyen et al., 2015) 

 

Four pistons, three 
combustion chambers, 
two separate bounce and 
load chambers, loading 
hydraulic, injection 
fuelling, exhaust ports. 

f) Four piston, opposed, two 
cylinder solution  
(Li et al., 2015; Zhang et 
al., 2015) 

 

Four pistons, two 
combustion chambers, 
concurrent combustion, 
compression ignition, 
three interconnected 
hydraulic chambers, 
intake and exhaust 
ports. 

 
The FPE is a reciprocating engine, one which is frequently termed a linear piston 

engine, in which the steady piston moves and transforms thermal energy into power. 
Unlimited piston motion and the variable clearance volume Vc between the ‘top dead 
centre’ (TDC) and the ‘bottom dead centre’ (BDC) is missing from the rod and crank 
mechanism. The FPE configurations differ but at least have: (1) a combustion chamber; 
(2) rebound or bounce-storing energy; (3) load absorbing or consuming energy. Fewer 
moving parts decrease friction and increase system efficiency as piston rings, bearings, 
bounce, and rebound result in minimal kinematic constraints (Aichlmayr, 2002). The 
FPE compression and expansion (power) stroke is similar to the revolution of a two-
stroke engine. The compression stroke starts at BDC, after the charge is sucked in to the 
cylinder and it ends when the charge is compressed until the pressures equalise. The 
compression stroke uses released rebound storage energy. The compression or spark 
initiates combustion in TDC and thermal energy converts into kinetic energy through 
rapidly expanding gasses. The expansion lasts until blow-down is achieved, in BDC, 
since the exhaust port or valve opens and releases exhaust gasses. The inlet port or valve 
opens and scavenges (compresses) a charge into the cylinder and then the cycle repeats. 
The FPE designs may vary but operational principles are the same (Mikalsen & Roskilly, 
2007a). 
The FPE is exploited by electric generators, and by hydraulic and pneumatic systems. In 
hydraulic systems, pressures are achieved via a small piston mass and the efficiency rate 
is relatively high. The hydraulic control system keeps the discharge pressure constant. 
Linear electric generators are compact power packs due to the use of ferromagnetic 
materials or permanent magnets in pistons mechanisms. In linear electric generators, the 
oscillation frequency is set in accordance with the load. The FPE advantages and 
challenges are as follows: 

 
The FPE advantages: 

 A structurally simple machine; 
 A variable compression ratio during operation; 
 Variable compression allows high compression ratios; 
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 Allows for multi-fuel operation; 
 Each stroke generates power; 
 Piston movement is not limited by crankshaft radius; 
 The missing crankshaft reduces the geometry significantly; 
 A significant kW to kg ratio; 
 Allows a long piston stroke to be implemented; 
 Small frictional losses; 
 Good volumetric efficiency; 
 Lower temperature release due to a rapid burning process; 
 Lower fuel consumption due to lower frictional losses; 
 Reduced emissions; 
 Able to work in very low temperature conditions; 
 Low vibrations due to the crankshaft being absent. 
 

Challenges to overcome are these: 
 The starting process; 
 Piston movement control; 
 Variable piston stroke which leads to poor volumetric efficiency; 
 Precise load control; 
 An accurate fuel mixture; 
 

In conclusion, normally the crankshaft controls and stores energy for the next 
stroke. The FPE employs a two-stroke principle as it needs a power stroke in every cycle. 
The one-piston FPE reciprocates in terms of combustion and for the necessary rebound 
force in balance with the controlled load. The proper combustion characteristics ensure 
that the engine works as expected and the residue is diverted for power production. The 
FPE needs enough computing power, accurate algorithms, quick reaction sensors, and 
powerful enforcement mechanisms to control the piston, scavenging, ignition, and 
exhaust release. Otherwise, the engine management process fails. 
 

ENGINE MECHANICS 
 

The FPE is missing a crankshaft, and instead the load force is directly coupled to 
the piston. The calculations and simulations based on the balance of piston motion on 
the engine power mode. The compression ratio rc (rc = total cylinder volume Vt / cylinder 
clearance volume Vc) and cylinder volume V (m3) calculates in a similar way to 
calculations for crankshaft engines, but volume V at any crank angle  (degrees) is 
problematic. The piston location calculations for crankshaft engines are take into account 
the connecting rod length l (cm), crank radius α (cm), and time- change rate dependent 
on crank angle . In terms of FPE, piston motion is derived from free-body motion and, 
therefore, excludes crankshaft radius and piston friction by side forces. The main piston 
motion characteristics in the FPE are shown in Fig. 1 (Aichlmayr, 2002; Mikalsen & 
Roskilly, 2007a). 
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Figure 1. FPE body diagram and generalised loads and friction acting on a piston (Aichlmayr, 
2002; Mikalsen & Roskilly, 2007a). 
 

Determining the location of the piston requires variables; piston mass  (kg); and 
combustion chamber pressure  (bar); and combustion chamber area  (m2); and load 
force  (N). The load force  (N) consists of the bounce chamber area AB (m2), and 
rebound or bounce pressure pB (bar). The combustion force acts in the x-direction, and 
in applying Newton’s second law a force balance (Mikalsen & Roskilly, 2007b) can be 
described: 

  (1) 

The piston velocity (v) can be calculated from the FPE work function. Velocity can 
be calculated between the set points and  (Fig. 1) and, after integration, the equation 
is expressed as follows: (Mikalsen & Roskilly, 2007b): 

  (21) 

 
The  and  are the piston dead points, and velocities v1 and v2 are set at zero, so 

the equation can be reducing as follows (Mikalsen & Roskilly, 2007b): 

  (3) 

The assumption that piston position determines as a function of combustion 
pressure Pc = Pc(x), and x1 is known (Eq. 3), in which case more variables should be 
available for precise control. One important variable is preparation of air-fuel mixture. 
The air-fuel mixture preparation consists of: (1) the exact calorific value of the fuel; (2) 
the air-fuel ratio; (3) the air-fuel mixture quality; and (4) the temperatures (Aichlmayr, 
2002). In order to be able to control all of the aforementioned parameters, the control 
unit has been designed to analyse the information it receives from sensors and processes 
according to the algorithms that have been set for just this purpose. The FPE needs 
proactive intervention to be able to manage the piston as any failure to do so causes a 
collision in dead centres. The management system senses and calculates piston 
movement and load force Fl by the prescribed function. The location x2 computation 
starts after combustion, in fairly quick time, and it is impossible to conduct this without 
controlling FL. So it excludes sudden load changes. 
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ENGINE START UP PRINCIPLES 
 

The absence of a flywheel concludes any remaining problems which need to be 
overcome. The FPE piston’s missing connection with any mechanical parts directly 
influences the start-up process. The start-up problems occurred regardless of 
configuration, and researchers report that the start for a dual-piston engine is the real 
problem (Noren & Erwin, 1958; Aichlmayr, 2002; Nemecek & Vysoky, 2006; Mikalsen 
& Roskilly, 2007a; Zulkifli et al., 2008; Xu & Chang, 2010). The FPE must start the 
combustion on the first stroke (Braun & Schweitzer, 1973) and the start-up requires 
additional technical equipment. The cylinder is fuelled, the piston is positioned on the 
maximum value, and required pulse energy is released (Farmer, 1947; Noren & Erwin, 
1958; Aichlmayr, 2002). The FPE is started with a spring or a hydraulic system that can 
generate the piston movements in the cylinder (bounce or rebound), (Farmer, 1947; 
Aichlmayr, 2002), with this being the most widely-used practical method (London & 
Oppenheim, 1952). 

The latest General Motors patent is similar to the Sigma GS-34 gas generator and 
differs in terms of its physical synchronisation mechanism which controls the piston 
movement with levers (Durrett et al., 2012; Nait et al., 2012). The piston synchronises 
with bounce chambers and the permanent magnets generate electricity in coils. Magnets 
are added in the piston and the coil windings are enveloped around the cylinder. 
(Hanipah et al., 2015). The solution need piston cooling when the Fe magnet works on 
the temperature 770 °C and more. When using other alloys in the magnets, the 
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  (21) 

 
The  and  are the piston dead points, and velocities v1 and v2 are set at zero, so 
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  (3) 
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moves along a path between the first end (4) with a first combustion chamber (5) which 
has a first fuel source and spark plug (6), and a second end (7) with a second combustion 
chamber (8) with a second fuel source and spark plug (9). A first coil (10) has windings 
around the path of the linearly-moving piston. It can be seen that (3) is positioned 
towards the first end (4). Similarly, a second coil (11) is also wound around the path and 
is positioned towards the second end (7) (12). Other items are a third coil (13) rotary 
machine, (14) fourth coil, (15) transmission, (16) variable speed motor, (17) rotor, (15) 
transmission of speed. The FPLA connects electrically via two sets of coils to a rotary 
machine (middle) and a battery source via a converter. In addition, a variable-speed 
motor connects mechanically via a gear box to the rotary machine as well as being 
electrically connected to the whole system via two sets of coils. This FPLA uses stored 
energy from batteries to create a starting electrical current in the first and second coils. 
The starting magnetic field moves the piston and creates the magnetic field in the 
cylinder coils. The converter starts the engine and converts electricity. The external coils 
and rotating bodies are kept limited in size and mass. The alternative solution is a 
programmable controller which generates the needed current and oscillation directly in 
the engine coils (Holmes, 2011). 
 

 
 
Figure 3. FPE starting system principle (Holmes, 2011). 
 

The turbo charged energy converter, Patent No EP 1540155B1 (Max et al., 2005), 
is shown in Fig. 4. The energy converter system (1) consist of, comprising piston 
(2 & 3), combustion chamber (4 & 5), inlet (6 & 7), and outlet (8 & 9) manifold, inlet 
and outlet valves (10, 11, 12, & 13). One inlet and one outlet valve are controllable 
separately by control unit in order to regulate the beginning of suction and compression 
stroke. When piston starts moving, the magnets in the generator affect 
electromagnetically the coil windings. Differences compare to solution in Fig. 2 is, that 
magnets are added in to the piston rod. This solution is less sensitive to temperatures but 
load of generator has impact for piston velocity. 
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Figure 4. FPE linear alternator (Max et al., 2005). 
 

The batteries operate the linear alternator as a linear motor. The piston is oscillated 
in the cylinder, building to a higher compression each cycle until sufficient compression 
is developed for auto-ignition. The fuel which is introduced into the engine ensures self-
powered operation. A cold starting process is a special case since a considerable amount 
of compression is required to achieve the automatic ignition temperature (Max et al., 
2005). 

The linear alternator allows the FPE to be started without the need for any 
additional systems and this restrains FPE to compact dimensions. An engine which starts 
up by means of a battery or supercapacitor is a reasonable prospect when it comes to 
smoothing out load peaks which can cause malfunctions in engine operation. Any FPE 
starting without external aids ensures system compactness. When using the spring, hydro 
or pneumatic systems as engine starters, additional developments in FPE construction 
are necessary. What’s more, when using pneumatic pumps or electrical engines as FPE 
starters, the mass of the FPE increases. This is problematic in terms of the transportation 
of FPE. 
 

ENGINE START-UP COMBUSTION STABILITY 
 

The opposed piston FPE generator (FPEG) consists of mechanical resonance 
starting (Atkinson et al., 1999; Li et al., 2008; Jia et al., 2014a; Jia et al., 2015b). The 
spring theoretical model was researched and the start-up experiment was conducted on 
a prototype engine. They investigated engine control, input parameters and misfire 
reasons. The FPEG (a) simplified scheme and (b) prototype is shown in Fig. 5. The 
stoichiometric mixture takes place in the intake manifold. The ignition system consists 
of a 2V battery, ignition coil, and spark plug, which is activated automatically after the 
required compression has been achieved. The generator motors the start-up process and 
switches the generator mode after the starting-up process has been completed. The 
magnets are placed in the centre of the piston and the stator coil is connected to an 
electrical load absorber. All three starting phases: 1) starting; 2) the electrical motor 
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switches the generator mode after the starting-up process has been completed. The 
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phase; and 3) the generator switch phase is to be coupled up to a proper control system 
in order to ensure transition and stable running. All of the processes are measured by 
system sensors and data is sent to electrical controllers: 1) starting; 2) ignition; 
3) electrics; and 4) the external load control system (Jia et al., 2015b). 
 

 
 
Figure 5. FPE generator simplified design (a) (Jia et al., 2014a) and the prototype (b) (Jia et al., 
2015b). 
 

Practical tests of FPE starting are carried out. Testing theory based on the factor 
that the FPEG is free of side forces, and system friction is low in proportion to electrical 
force within the start-up. In the practical tests, the theoretical starting force of FPE was 
60N and in this case, it illustrates the crossing of the friction forces. The practical 
experimental results are illustrated in Fig. 6. Piston displacement extends step-by-step, 
until it reaches to maximum value. Gas pressure in the cylinder and maximum velocity 
of the piston increases with each stroke. Suitable compression value in FPE cylinder was 
reached in less than a second (Jia et al., 2014). The amplitude of piston movements and 
velocity increased in respect to the completion of the stroke time (Fig. 6). Fig. 6 shows 
that, in addition to friction, air leakage, heat transfer, and vibration all exist as additional 
drains on energy production. Piston movement amplitude, maximum piston velocity, and 
cylinder pressure peak which increases gradually by resonance and also increases rapidly 
(at 0.8 fractions of a second) all serve to achieve the target for ignition. Later research 
will need to focus on new targets, these being achieving the compression ratio (8:1) and 
the cylinder pressure (10 bar). The crossing of the friction forces, the static friction force 
(60N), was set as a maximum theoretical force. In practical experiments it emerged that 
it was twice as much as 60N. In FPE tests, forces were applied which were between 80N 
to 125N at a 15N interval. At 80N (8.5Hz~510 cycle per min), the maximum cylinder 
pressure of 5 bar after four cycles was achieved and remained at the same level.  
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A motoring force of 95N (10Hz ~600 cycle per min) achieved 7 bar in six cycles and 
remained stable afterwards (Jia et al., 2015b). 

 

 
 

Figure 6. The experimental results of piston stroke and velocity (Jia et al., 2015b). 
 

The starting force needs to exceed 103N to be able to start the engine smoothly. 
After several cycles a motor force over 103N (650 cycles per min) provides conditions 
which ensure that ignition can take place. The fixed motoring force of 125N with ignition 
timing set 27mm from the central position was implemented for the start-up process. The 
prototype runs using the stoichiometric air-fuel ratio (λ = 1.0). The velocity profile is 
close to symmetrical before and after BDC/TDC as the difference in acceleration is 
small. The maximum piston velocity is achieved in the middle of the stroke. With a 
higher starting force having been achieved, the piston velocity and compression is 
higher. The piston moves at a high and relative constant speed at the middle portion of 
the stroke. The slowdown of the piston takes place at the bottom dead centre (BDC) and 
top dead centre (TDC). The FPEG prototype output maximum force reaches 232N and 
a piston velocity of 3.1 m s-1. The higher figures result in overheating of the stator coil 
and, after starting, the piston velocity declined. The piston decline increased gas flow 
through the piston rings and the heat transfer. Limiting of the piston movement velocity 
caused misfires in the combustion process. For this reason, the FPE control unit is 
adjusted as follows: when the electrical generator is being used as a motor, continuous 
ignition and combustion were both achieved. After a period of 1.2 seconds, the system 
obtains the stability it requires (Jia et al., 2015b). 

Considerably more complex starting-up operations are being researched by 
Carlson. The ports are closed and the trapped air is compressed by the piston towards 
the TDC point. The trapped compressed air behaves like a mechanical spring and 
supports the next stroke. The pistons are cyclically reciprocated to suit the air charge 
pressure rise and combustion pressure rise. Finally, a spark plug initiates combustion in 
the first cylinder and then in the second cylinder. The spark plugs are used until 
maximum cylinder pressure achieves the required compression ignition level and, after 
the HCCI mode is working, the SI is disabled (Carlson, 2005). The FPE linear generator 
(FPLA) start-up and mechanical problems are being researched by Zulkifli et al., 2008. 
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The spark ignited dual FPE uses a brushless linear motor to produce the required start-
up force. The research focuses on the FPLA mechanical model and provides simulations 
for different motoring force values. The start-up strategy proposes the presence of air 
compression in the engine cylinders prior to combustion (Zulkifli et al., 2008). 

The generator coils will be loaded with a fixed DC voltage, and an open-loop, 
rectangular commutation of the input current and a high motoring force reciprocates the 
translator at small amplitudes until the amplitude and speed of the mechanical resonance 
reach the required parameters for combustion (Zulkifli et al., 2008). A starting method 
which uses the resonance in a diesel free-piston linear alternator with a commercial 
permanent magnet tubes has shown that: (1) the FPLA can be started by using the air-
spring characteristics and with a comparatively small thrust force, but a greater thrust 
force will engage the start-up in a few less cranking cycles; (2) the load on the linear 
alternator is associated with the cylinder bore measure and the maximum 
electromagnetic force is approximately proportional to the bore square measure; (3) with 
the same fuel/air equivalence ratio and external load resistance, a longer effective stroke 
length helps to increase the compression ratio and also served to indicate the efficiency 
of the free-piston engine; (4) with the same fuel/air equivalence ratio and external load 
resistance, it can generally be seen that a longer effective stroke length leads to a higher 
power output level (Mao et al., 2011). Researches of the diesel FPE start-up and working 
parametric analysis (Mikalsen & Roskilly, 2010), and detailed engine control strategies 
(Mikalsen & Roskilly, Part 1, 2010; Mikalsen & Roskilly, Part 2, 2010; Mikalsen et al., 
2010) reached on the similar results. 

The FPE idea is simple and compact power pack technology, which is easily 
maintained due to a few simple engine parts. The engine’s external starting extras 
include system ballast, which means that linear or rotational electrical generators 
maintain the preliminary measurements and are used for operation of normal engine. The 
stable duty-cycle is achieved by controlling the piston stroke and energy storage. After 
solving the FPE management process satisfactorily, the unique features of this resource 
can be released onto markets so that they can compete with existing crankshaft engine 
technology. The scavenging, spark, or compression ignition and exhaust release process 
represent a major challenge for all types of FPE. The piston dictates consequent 
processes which include compress control. In order to be able to ensure smooth running, 
the control systems have to start with the nature of the fuel itself and the fuel preparation 
process. When it comes to piston motion calculations using different fuels, the 
algorithms can be developed. FPE control requires precise algorithms and optimised 
operating software for the ‘virtual crankshaft’. The piston speed is high, and data traffic 
needs to be extremely rapid when it comes to sending and receiving sensor information 
and executing commands. Control functions can only be carried out by using sensitive 
sensors and high speed reaction valves. 

 
OUTLOOK 

 
The FPE frequency depends upon P0 and L loads. Therefore the fuel mixture, the 

moving piston (of between 4–15 kg), the ignition position, and the loads need advanced 
combustion control strategies in place to be able to properly manage them. FPE load 
regulation is one method of controlling the combustion process. Fuel injection and 
exhaust manipulation have only a limited level of influence on the engine’s operation 
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and the methods used for fine tuning. Stroke-to-stroke manipulation is carried out by 
reducing the external excitation and increasing the damping coefficient. The method 
prevents engine damage and bounce chamber damping. The piston rod stiffness provides 
a positive effect on external excitation and ignores the initial state. The pressure peaks 
and working cycle variations are controlled by the piston motion estimation and by 
accurate injection timing. When using one piston hydraulic FPE, the process of 
controlling it is less problematic than when using rigidly connected pistons, because 
every revolution consists of two power strokes. The first piston’s compression is the 
second piston’s, which means that the system management reaction rates must be higher. 
The timing-based injection method reduces pressure variability and means that the 
resultant kinetic energy will be used. The aforementioned method has a significant effect 
on the reliability and simplicity of engine operations. The method allows the pressure in 
the combustion to be controlled, along with the forming of the air-fuel mixture. 
Accordingly, the most important controlling principle is the control of the entire fuel 
system, starting from fuel chemical kinetics and subsequent gas dynamics. 

The varied stroke causes fuel injection timing problems. The problem can be solved 
by limiting of the piston stroke interval. The piston oscillation frequency must be 
increased step by step, until the piston stroke has reached to the maximum value. The 
load control must restrained within tight limits otherwise the piston hits the cylinder head 
and the engine stops. The same problem was revealed in the engine starting process, 
where valve actuation and timing may cause abnormal combustion. FPE misfiring can 
be caused by a lack of energy storage and, due to the unstable load, the electrical 
generator cannot work as a flywheel. The engine stops if any interruption is experienced 
in compression, combustion, ignition, or injection, or a mistiming occurs. 

Geometrically, the FPE allows the maximum stroke of the piston to be used, but 
the long piston stroke and the rapid piston movement are problems when it comes to 
controlling the FPE. The piston movement frequency and stroke length are directly 
related. The piston management in hydro/gas/spring bounce or electrical load systems 
remains within a very limited range. The FPE can operate on limited conditions, when 
the precise compression into the cylinder and control of the engine are guaranteed. The 
aforementioned operation parameters serve to limit the power output range of FPE. The 
bounce and rebound systems are controlled by the ‘pulse with modulation’ method. This 
method needs pre-defined mathematical functions, controllers, highly-sensitive sensors, 
and fast-acting valves to be able to control the engine operation. The precise piston 
motion control is complicated, mainly in terms of the engine’s full load regime. 

When a controllable hydraulic cylinder is used in the engine, the piston can be 
stopped at the BDC, until combustion energy is released at the top of the parallel piston 
(Fig. 7). This speciality allows the engine to be operated at very low operational 
frequencies in terms of piston usage, but efficiency is decreased in the optimum range. 

The FPE and reciprocating engine comparison is shown in Fig. 7. The rigid 
connection FPE and regular reciprocating engine piston stroke and velocities are 
presented in the Fig. 7. The engines have a similar piston stroke and compression ratio 
(13.9). The piston motion frequency was 48.8 Hz. The time, when FPE piston velocity 
is equal to zero (v = 0 m s-1) (around to the TDC), is longer, compare to reciprocating 
engine piston velocity (point A in the Fig. 7). The FPE combustion process is quicker 
compare to reciprocating engine (after the point B). In a conventional engine, the crank 
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OUTLOOK 

 
The FPE frequency depends upon P0 and L loads. Therefore the fuel mixture, the 

moving piston (of between 4–15 kg), the ignition position, and the loads need advanced 
combustion control strategies in place to be able to properly manage them. FPE load 
regulation is one method of controlling the combustion process. Fuel injection and 
exhaust manipulation have only a limited level of influence on the engine’s operation 
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and the methods used for fine tuning. Stroke-to-stroke manipulation is carried out by 
reducing the external excitation and increasing the damping coefficient. The method 
prevents engine damage and bounce chamber damping. The piston rod stiffness provides 
a positive effect on external excitation and ignores the initial state. The pressure peaks 
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Accordingly, the most important controlling principle is the control of the entire fuel 
system, starting from fuel chemical kinetics and subsequent gas dynamics. 

The varied stroke causes fuel injection timing problems. The problem can be solved 
by limiting of the piston stroke interval. The piston oscillation frequency must be 
increased step by step, until the piston stroke has reached to the maximum value. The 
load control must restrained within tight limits otherwise the piston hits the cylinder head 
and the engine stops. The same problem was revealed in the engine starting process, 
where valve actuation and timing may cause abnormal combustion. FPE misfiring can 
be caused by a lack of energy storage and, due to the unstable load, the electrical 
generator cannot work as a flywheel. The engine stops if any interruption is experienced 
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Geometrically, the FPE allows the maximum stroke of the piston to be used, but 
the long piston stroke and the rapid piston movement are problems when it comes to 
controlling the FPE. The piston movement frequency and stroke length are directly 
related. The piston management in hydro/gas/spring bounce or electrical load systems 
remains within a very limited range. The FPE can operate on limited conditions, when 
the precise compression into the cylinder and control of the engine are guaranteed. The 
aforementioned operation parameters serve to limit the power output range of FPE. The 
bounce and rebound systems are controlled by the ‘pulse with modulation’ method. This 
method needs pre-defined mathematical functions, controllers, highly-sensitive sensors, 
and fast-acting valves to be able to control the engine operation. The precise piston 
motion control is complicated, mainly in terms of the engine’s full load regime. 

When a controllable hydraulic cylinder is used in the engine, the piston can be 
stopped at the BDC, until combustion energy is released at the top of the parallel piston 
(Fig. 7). This speciality allows the engine to be operated at very low operational 
frequencies in terms of piston usage, but efficiency is decreased in the optimum range. 

The FPE and reciprocating engine comparison is shown in Fig. 7. The rigid 
connection FPE and regular reciprocating engine piston stroke and velocities are 
presented in the Fig. 7. The engines have a similar piston stroke and compression ratio 
(13.9). The piston motion frequency was 48.8 Hz. The time, when FPE piston velocity 
is equal to zero (v = 0 m s-1) (around to the TDC), is longer, compare to reciprocating 
engine piston velocity (point A in the Fig. 7). The FPE combustion process is quicker 
compare to reciprocating engine (after the point B). In a conventional engine, the crank 
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mechanism rotates and continuously changes the geometry of the combustion chamber, 
thereby disrupting the process of complete oxidation. In the FPE, free body motion 
allows better fuel oxidation to be developed and rapid combustion is directly related to 
a peak cylinder temperature and heat release in the cylinder which is significantly lower 
than in traditional IC engines. The complete combustion and the combustion temperature 
are ways in which emissions can be reduced to a remarkable degree. In the author’s 
opinion, a unique feature of the FPE is between points A and B, as shown in Fig. 7. Fuel 
mixture burning is a chemical process, which means that the precise fuel mixture 
preparation process and the related chemical equations must be known in advance. The 
rate of expansion for burning hydrogen-oxygen is far better than it is for carbon-oxygen 
and, thermodynamically, the stoichiometric limitations are different, as is adiabatic 
efficiency. The FPE is capable of working at very low fuel consumption rates, based on 
lean (30:1) and super lean (50:1) fuel mixtures. Important is adiabatic efficiency not rich 
air-fuel mixture. When combustion takes place, the shock wave which passes through 
the fuel makes it burn differently, which is close to the detonation point and is key when 
it comes to extracting more energy from each kilogramme of fuel. Lean mixtures release 
more power because more oxygen is in the combustion process, burning carbons and 
hydrogen. During the TDC piston’s dead time there is enough of an opportunity to create 
the pressure required for burning a very lean mixture and, in a very short time, the 
temperature will increase enough to support the hydrogen-oxygen reaction. Due to the 
fast combustion process in the cylinder, cylinder walls are not affected by flame. In 
addition, in to the cylinder sucked air-fuel mixture is cooling the cylinder wall. From 
this it can be seen that noise levels are reduced, exhaust gasses do not consist of any 
useful heat energy, and polluting carbon monoxides are greatly lessened in quantity. 

 

 
 
Figure 7. Compared FPE and IC engine velocity and piston stroke (Xiao et al., 2010). 

 

1218 

The FPE and reciprocating engine comparison is shown in Fig. 7. The rigid 
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hydrogen. During the TDC piston’s dead time there is enough of an opportunity to create 
the pressure required for burning a very lean mixture and, in a very short time, the 
temperature will increase enough to support the hydrogen-oxygen reaction. Due to the 
fast combustion process in the cylinder, cylinder walls are not affected by flame. In 
addition, in to the cylinder sucked air-fuel mixture is cooling the cylinder wall. From 
this it can be seen that noise levels are reduced, exhaust gasses do not consist of any 
useful heat energy, and polluting carbon monoxides are greatly lessened in quantity. 

In conclusion, the piston ridged rod principle should be maintained due to the 
absence of side forces and lower levels of friction on the piston. According to the engine 
start-up and operations control problems, useful energy must instantly be withdrawn via 
the centre of the rigid piston rod and sent to the rotational movement. Not having been 
subject to cooling, the reciprocating moving magnets or ferromagnets are not stable and 
cannot produce sufficient current at a stable frequency. It is possible to use an external 
frequency converter to produce the current at the stable frequency but this is an 
additional cost and also acts as extra ballast for the system. 

The solution which is being proposed by the author is as follows: the rotating 
flywheel is polyfunctional, and is positioned on top of the two piston one-rod engine, 
and rotates horizontally as shown in Fig. 8. The flywheel ensures the stability of the 
generator and stores energy for the next load peak. The rotating flywheel carries magnets 
which are placed on the outer side of flywheel. 
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Figure 8. The simplified design of the FPE generator. 
 
The permanent magnets and coil windings are kept outside and are constantly 

cooled. The normal port scavenging in a lean mixture situation is insufficient, and as a 
result the engine must be supercharged. The flywheel compresses air for supercharging 
and engine cooling via inner channels. The air cooled engine is powerful and excludes 
the outer cooling system. Finally, the flywheel serves to stabilizes the combustion engine 
and reduces piston movement vibrations. Such a configuration keeps the engine-
generator (GENSET) flat, with a very low centre of gravity, and horizontal rotation adds 
stability. The solution is a two-stroke engine, with two power strokes per revolution. 
Combustion will be carried out after each 180o degrees stroke. The recommended piston 
stroke is 1.8 of the piston diameter and should not be variable. The piston rod consists 
of two parts: (1) a lightweight piston with sleeve; and (2) the reciprocating rigid rod. The 
sleeve keeps the piston in TDC for a longer period of time as it moves freely on the 
piston rod. The compression stroke starts and the air-fuel mixture compresses until TDC 
is reached. The connected flywheel with its piston rod moves towards the BDC and the 
spark ignites the mixture. From this point forwards, combustion continues towards the 
BDC. The engine has outlet and inlet ports and charging takes place through electric 
valves which are located on top of the cylinder. The heat exchanger pre-treats the fuel 
and uses exhaust gasses for heating and breaking down fuel molecules. The engine 
lubricates itself from the crankcase, which is a small area of the engine and which uses 
the piston rod reciprocating motion for pumping oil. Crankcase lubrication allows fuel 
injection without any oil admixtures. The flywheel with its magnets acts in a contrary 
fashion and works as the engine starter. 

 
CONCLUSIONS 

 
The different technical solutions which are available in terms of FPE have been 

reviewed from the point of the system’s invention until the present day. The simulations 
and empirical experiments have all been discussed. Any weaknesses or strong points 
related to FPE have been mapped out and discussed in a critical fashion. The most 
important findings are these: 1) there exists a significantly lower kW kg-1 ratio in 
proportion to crankshaft engines; 2) lower fuel consumption rates have been registered 
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against those of crankshaft engines due to the lower friction levels; 3) the missing 
crankshaft allows the engine dimensions to be significantly reduced and, at the same 
time, allows the maximum piston stroke to be applied and lower temperature release to 
be achieved due to the rapid burning process which in turn reduces the levels of 
emissions. 

The most important points to identify in relation to FPE are these: 1) piston 
movement is too complicated to control; 2) during engine operations, three variables 
should be precisely controlled at the same time, with these being the following; 3) air-
fuel mixture, engine load, and volumetric efficiency. 

The technical solution which involves a new power generator is described with the 
general description of generator operation. The most important advantages in this novel 
solution are these: a slim motor-generator with the aforementioned planetary moving 
flywheel/generator rotor which stabilises the system based on the spinner effect; the 
flywheel is also supercharger; two stroke engine with crankcase lubrication allows to use 
fuels without oil; internal combustion engine combustion process is controlled by 
crankshaft, what is connected to ridged rod of piston. 
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Abstract 

Replacing traditional fuels with biofuels in the transport sector has been named as one of the measures in the increasingly strict 
environmental policy of the European Union. The Renewable Energy Sources directive and Fuel Quality Directive stipulate the 
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to the use of 100% biofuels are preferred. Using fuel mixtures allows meeting the requirements of using biofuels whilst incurring 
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1. Introduction 

Nomenclature 

GHG greenhouse gases 
RES-D  Renewable Energy Sources Directive  
FQD Fuel Quality Directive 
RED Renewable Energy Directive 
ILUC Indirect Land Use Change 
EASAC European Academies’ Science Advisory Council 

 
Production and the development of technology have considerably worsened the environmental conditions on 

Earth. One of the reasons for this is the global warming, which is directly related to the considerable increase in the 
amount of greenhouse gases (GHG) during the last one hundred years. Lately, this has raised increasing concerns to 
the decrease of CO2 emissions [1]. The Paris Agreement was initiated with a long-term goal of limiting global 
warming to well below 2 °C (COP21). Producing of CO2 emission could by changes on different reasons, by 
example economic recession period and poor environmental legislation [2]. One of the options to reduce CO2 
emissions is to use energy more efficiently, and the other to replace fossil fuels with biofuels [3, 4]. The use of 
biofuels stimulate the economy by increasing demand of agricultural products and prices [5] Developed countries of 
the world have discussed the topic of reducing CO2 emissions before and have prepared respective legal acts which 
stipulate the increase of the biofuels’ share in the end consumption of energy. The purpose of this article is to 
discuss the liquid motor fuels used in the transport sector. From 1977 onwards, it has been compulsory in Brazil that 
the motor vehicle’s fuel should contain 20% ethanol by volume. The requirements of the European Union for 
fostering biofuel use are somewhat more modest, especially for biofuels used in transportation. In 2009, the EU 
adopted the climate and energy package in order to use renewable resources and to reduce energy use and emission 
of GHGs. The Renewable Energy Sources directive (RES-D) of the package’s general part stipulates that by the year 
2020 the share of biofuels in the end consumption in each transport type should be at least 10% (directive 
2009/28/EC) [6]. At year 2005 biofuel percentage in transportation sector was 1.4% [7]. At the same time, it is 
important that the biofuel has been produced from renewable energy sources. Renewable fuel is a gaseous, liquid or 
solid substance produced within the limits the raw material can replenish, or used directly. The Fuel Quality 
Directive (FQD) stipulates the mechanism for the decarbonisation of transport fuel in order to reduce the ratio of 
GHGs (directive 2009/30/EC) [8]. The abovementioned directive makes it clear that the emissions of GHGs per 
energy unit must decrease by at least 6% by 31st December 2020. Questions have been raised whether one directive 
can be preferred to another, and if so, then which one? In addition, there are directives RED and ILUC which 
address the more efficient production of biofuel and dependency on land use [9]. The article not presents 
requirements of the aforementioned directives. The influence of these EU directives on the environment of the world 
market and EU environmental quality is carried out by Britz and Hertel [10].  

The suppliers often face the problem of too many directives and complex requirements in replacing transport 
fuels with biofuels. As the price of biofuel is higher than the price of traditional fuel, then the amounts of minimum 
requirements must be known. Ghoddusi examined the short-term profits of a biofuel plant operating in a mandated 
fuel market. A result of research was that biofuel market constantly changing and profit is short-term [11]. To 
stabilize the profit it is important to sell biofuel and regular fuel mixtures on various mixtures. The biofuel minimum 
requirement must always be met.  

The next question is whether to replace the fossil fuel with biofuel completely or to use a biofuel mixture which 
contains a blend of raw materials of fossil and biological origin? In comparison to using oils of biological origin 
[12], the ethanol-based fuels require more thorough alterations of engines. From the point of view of understanding 
the requirements of the directives, a simpler choice is the total replacement of traditional fuels with biofuels, which 
in reality requires complete alteration of ethanol-based engines [13]. Partial mixtures of liquid fuels allow fewer 
alterations and are, therefore, more reasonable as the costs are lower [14−16]. However, this raises the problem of 
what is the minimum amount of biofuel to be added to traditional fuel in order to meet the requirements. The 
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starting point should be the energy content, type of raw material and production method of various types of 
traditional and biofuels. European Academies’ Science Advisory Council (EASAC) has proposed to take into 
account the specialties of CO2 content of fossil fuels used in the transport sector as these depend on the 
characteristics of raw material and location [17]. The studies used by EASAC show that the amounts of emissions 
vary considerably depending on the raw material’s source and this should be taken into account in further expanding 
the scope of requirements in the future. In order to keep the suppliers interested in producing and using fuel 
mixtures, a calculation model must be prepared which gives a clear answer about the minimum allowed ratio of bio-
component in the fuel mixture. Therefore, the purpose of the prepared calculations is not to describe the decrease of 
GHGs but the determination of actual fuel amounts for the fuel market. 

The purpose of this article is to present the influence of directives on using liquid biofuels in the transportation 
sector. It is essential to evaluate the minimal proportion of bio component in the fuel mixture in order to meet the 
requirements of different directives. Using gaseous fuels partially with traditional liquid fuels requires 
comprehensive modifications of the engine fuel supply systems and are not included in the present article 

2. Materials and method 

The supplier is interested in what is the minimum amount of biofuel to be added to traditional liquid fuel or what 
is the relative ratio of bio-components in motor fuel to meet the requirements of EU directives. For this, the 
requirements of the directive FQD and RES-D must be adhered to. It is important to express the ratio of the bio-
component in fuel mixture using volume Vb, [l] (litre) and not using mass [kg]. The reason is that the parameter for 
measuring liquid fuels on the fuel market is the litre.  

RES-D stipulates that 10% of the fuel’s energy content must be of biological origin and be based on second 
generation biofuel [8]. This means that the ratio of bio-component’s energy Bfr is 0.1 and the total amount of energy 
in fuel is Ehr. To meet this requirement, we must know the energy content E and density ρ of the traditional fuel and 
biofuel or bio-component used in the fuel mixture. Using the abovementioned data, we first need to find the energy 
amount Ehb [J] of the bio-component of added biofuel in consumable fuel or total fuel which meets the minimum 
requirements stipulated by the abovementioned directive: 

fr

hrfr

hb
B

EB
E

−

⋅

=

1
.  (1) 

 
Total energy amount of fuel Ehr [J] is expressed from the relation between total fuel mass mr [kg] and energy 

content Er [J] of traditional fuel: 

rrhr EmE ⋅= .  (2) 

The total fuel mass mr is expressed from relation of total volume of the fuel Vr [l] and density of traditional fuel ρr 

[kg/l]: 

rrr Vm ρ⋅= .  (3) 

Taking into account relations 2 and 3, total energy amount of fuel Ehr is expressed with the relation: 

rrrhr EVE ⋅ρ⋅= .  (4) 

The minimum volume of bio-component to be added Vba [l] to the existing fuel can be found using the following 
relation, where Eb [l] is the volume of bio-component and ρb [kg/l] is the density of bio-component: 
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r
b

hb
ba /

E

E
V ρ= .  (5) 

Such a mixture enables to meet the requirement of the directive, at the same time the volume and energy amount 
of the fuel is changed, which is not acceptable. Suppliers are primarily interested in replacing traditional fuel with 
bio-components and in minimum energy-based amount Vbmin1 [l]. In some cases, it is important to express the 
volume of bio-component in fuel as a relative value [%]. For example, when the materials used in an internal 
combustion engine require using liquid fuels with certain ethanol content (0.05; 0.1) or when traditional fuel is 
replaced by bio-component (not added) according to the EU requirements. In order to calculate the minimum 
volume of the bio-component Vbe (absolute value) in motor fuel, the amount of energy to be replaced by the bio-
component needs to be known. Energy amount replaced by bio-component Vbe [J] can be calculated with the 
following relation: 

frhrbe BEV ⋅= .  (6) 

Relation 7 can be used to find the energy amount of the traditional fuel’s component, Vre [J] of the total fuel. 

trhrre VVV ⋅= ,  (7) 

where Vtr is the ratio of traditional fuel component to total fuel [%] and which can be expressed by:  

frtr BV −= 1 .  (8) 

By using the previously calculated fuel component energy amounts Vbe and Vre we can calculate the volume of 
the bio-component Vb1 [l] (absolute value) and volume of traditional fuel component Vr1 [l] in total fuel using 
relations 9 and 10:  

bv

be
b

E

V
V =1 ,  (9) 

where Ebv is the energy content based on the volume of the bio-component [J/l]. 

rv

re
r

E

V
V =1 ,  (10) 

where Erv is the energy content based on the volume of traditional fuel component [J/l]. 
Energy contents Erv and Ebv based on the volume of traditional fuel and biofuel can be selected from a table 

published in literature [6] (directive 2009/28/EC annex III) while calculated results are more precise. Calculated 
energy content of the bio-component based on volume can be found using the following relation: 

bbbv EE ρ⋅= ,  (11) 

where ρb is the density of traditional fuel component [kg/l] and Erv is the energy content of the traditional fuel 
component based on volume [J/l]. 

Energy content of the traditional fuel component based on volume Erv can be found by: 

rrrv EE ρ⋅= .  (12) 
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Volume of total prepared fuel Vt1 [l] can be calculated using the formula which is primarily needed for planning 
the volumes of fuels to be stored: 

111 rbt VVV += .  (13) 

Relative amounts of fuel components by volume Vb1r and Vr1r [%] can be found with the Formulas 14 (bio-
component) and 15 (traditional fuel). 

hrrfrrbv
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rb
EEBVE

EB
V

⋅⋅+⋅

⋅⋅

=

1
1

100
.  (14) 

rvfrbvfrbv
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⋅+⋅−

⋅⋅
=

100
1 .  (15) 

FQD describes the reduction of GHG emission amounts for biofuels per energy unit (gCO2eq/MJ) by raw 
material type, productivity, processing, transport and distribution. According to this directive, the GHG amount for 
petrol and diesel fuel is 83.8 gCO2eq/MJ. The Directive 2009/30/EC stipulates a reduction of at least 6% of GHG in 
comparison to traditional fuel. Therefore, the maximum allowed GHG amount for biofuels or biofuel mixtures is 
78.77 gCO2eq/MJ. If a supplier wishes to replace traditional fuel with biofuel, then the GHG default values Egr and 
Egb must be determined first, and then calculate the minimum energetic balance of the bio-component. After that, 
formulas need to be prepared to determine the relative values of components as a percentage, and absolute amounts 
in either kilograms or litres, as preferred. The default values of GHG according to the production type and raw 
material can be found in the Annex 4 in Table E of the Directive 2009/30/EC. To make it clear how the minimum 
energy based balance of the bio-component Vbfe [%] is determined, the amount of it in fuel can be found as follows: 

( )gbgr

grg

bfe
EE

EE
V

−

⋅

= ,  (16) 

where Eg is the reduction of GHG [%] (min requirement 6%); Egr is the amount of GHG arising from the cultivation, 
processing, transport and distribution of traditional fuel [gCO2eq/MJ] (83.8 gCO2eq/MJ) and Egb is the amount of 
GHG arising from the cultivation, processing, transport and distribution of biofuel [gCO2eq/MJ]. 

The following relation has been prepared to calculate the minimum amount of bio-component to be replaced  
Vb2 [l]: 

bv

bfehr

b
E

VE
V

⋅

⋅

=

1002 .  (17) 

The calculation for finding the maximum amount of traditional fuel by volume Vr2 [l] is the following: 

1002
bfer

rr

VV
VV

⋅

−= .  (18) 

The total volume of the prepared fuel Vt2 [l] can be found using the formula which is primarily needed for storing 
fuels: 

222 rbt VVV += .  (19) 
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It is reasonable to use relative values for describing various types of fuels in giving an overview of the use of 
biofuels in the fuel market. The relative amounts of fuel components by volume [%] can be found using Formulas 
20 (bio-component) and 21 (traditional fuel). The following relation has been prepared to calculate the minimum 
relative amount of bio-component by volume Vb2r [%]: 

22
2 100100

100

rgrbvrbvgbhrgrg

hrgrg

rb
VEEVEEEEE

EEE
V

⋅⋅⋅+⋅⋅⋅−⋅⋅

⋅⋅⋅

= . (20) 

The following relation has been prepared to calculate the maximum relative amount of traditional fuel by 
volume: Vr2r [%]: 
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rvgrggrbvggrbvbvgb

grggrgbbv

rr
EEEEEEEEEE

EEEEE
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3. Results and discussion 

By using Formula 1, the minimum amount of bio-component added Vb, l to the fuel to meet the requirement of 
the directive RES-D. Information about the energy content by mass and volume of substances can be found in 
Annex III of the Directive 2009/28/EC. At the same time, it is important to choose the densities from the Estonian 
fuel standard EVS-EN 228:2012 for calculating energy content; this ensures considerably more precise results. For 
suppliers, the amounts of fuel components used for mixing fuels to meet the requirement of RES-D can be 
calculated in litres according to Formulas 9 and 10. The total volume of the prepared fuel mixture must be known 
for storing as the energy content of the bio-component is usually lower than that of traditional fuels and it requires 
larger fuel tanks. Total volume of biofuel will be calculated by adding up volumes of bio- and traditional fuel 
component.  

The following presents comparative graphs which illustrate the ratio of the bio-component in mixtures with petrol 
and diesel fuel. For example, Fig. 1a presents the ratios by volume of various alcohols used as motor fuel in fuel 
mixtures according to Formula 14. Vb1r is the ratio of alcohol-based component by volume [%] in fuel mixture. 

The amounts of alcohol-based bio-components vary as much as 6% while the differences for bio-oils replacing 
diesel is minimal (Fig. 1b). 

 

 

Fig. 1. (a) formation of bio-components of alcohol-based fuel mixtures for 10% biofuel by energy content;  
(b) formation of fuel component ratios for 10% biofuel content fuel by energy content. 
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When producing biofuel, it is important to evaluate total volume difference to ensure sufficient fuel supply. 
Suitable infrastructure must ensure sufficient fuel supply. Main components in infrastructure are pumps, fuel lines, 
means of transport and fuel tanks. Characteristic of amount differences compared to traditional fuel when using 
different alcohols and bio-oils are shown on Fig. 2a and 2b.  

 

   

Fig. 2. (a) biofuel amount difference compared to traditional fuel while using alcohols;  
(b) biofuel amount difference compared to traditional fuel while using bio-oils. 

Median of biofuels produced with alcohol is 3.8%, higher than traditional fuel and when using bio-oils median is 
0.7% higher.   

According to the calculated results (Fig. 1a, 1b, 2a and 2b), it can be claimed that using the mixtures of diesel 
fuel and biodiesel is more efficient than the mixtures of petrol and alcohol-based biofuels in meeting the 
requirement of the directive. The amount of alcohol-based component to be added to petrol is on average 32% 
higher than adding biodiesel to diesel fuel in order to meet the requirement of 10%. Similar effects can be seen in 
the usage of biofuels in the European Union, where bioethanol amounted to 19.1% and biodiesel fuel amounted to 
79.7% [18]. When comparing fuel consumption in the transport sector of the EU, the results for the year 2012, 
67.6% was comprised of gas diesel oil and 32.4% of motor spirit [19]. Therefore, using bio-oils in compression-
ignition engines is preferable in meeting the requirements of RES-D. 

According to FQD, the amounts Vb2 and Vr2 of fuel components used by suppliers and the total amount of fuel 
can be found using the Formulas 17, 18 and 19. Similarly to the discussion of previous directive, the calculations are 
for finding the minimum amount of bio-component to meet the requirement of the directive. The formation of fuel 
components’ ratio (Formula 16) is explained by Fig. 3 which depicts graphically the ratio of the energy content of 
the bio-component Vbfe in total fuel energy, based on the requirement of reducing GHG emissions by at least 6%. 

 

 

Fig. 3. Minimum ratio of the bio-component’s energy content in total fuel energy according to the requirement of FQD. 
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The comparison includes ethanol which has been obtained from different raw materials and production methods. 
The higher GHG emission ratio related to the first-generation bioethanol production clearly stands out in the results. 
It must also be kept in mind that the data in the FQD Annexes D and E is constantly changing as the new production 
technologies of biofuels are being developed [20, 21, 22, 23, 24].  

By using the energy-based results (Fig. 2a) we can find the actual amounts [l] of the bio-components Vb2r of the 
abovementioned fuels. Fig. 4a and 4b present the volume-based relative amounts [%] obtained by Formula 20. 
Fig. 2b shows the ratio of bio-component in petrol-based fuel mixture and Fig. 4b shows the ratio of bio-component 
in diesel fuel mixture. 

 

 

Fig. 4. (a) relative amount of ethanol in petrol by volume according to production method and raw material; (b) relative amounts of bio-oil and 
biodiesel by volume in traditional diesel fuel according to the production method and raw material of ethanol. 

The figures show that in assessing the possible uses of bioethanol and biodiesel, they both have a strong 
advantage in using second generation fuels. If first generation bioethanol is to be used with petrol, then the 
minimum amount of bio-component in fuel mixture is considerably higher than for the second-generation 
bioethanol. The same trend describes the use of biodiesel with diesel fuel; however, the amount of the bio-
component to be used is considerably lower than compared to mixtures of ethanol and petrol. 

Minimum requirements of FQD are similar to requirements of RES-D, in both cases biofuel produced with 
alcohol has considerably higher total amount than bio-oil based biofuel. RES-D based alcohol biofuel median is 
4.4% higher (Fig. 5a) and bio-oil based fuel median is 0.6% higher (Fig. 5b) than traditional fuel total amount. 

 

 

Fig. 5. (a) biofuel amount difference compared to traditional fuel while using alcohols;  
(b) biofuel amount difference compared to traditional fuel while using bio-oils. 
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When we look at both directives at the same time from the viewpoint of bioethanol and petrol, the results are 
controversial. For example, to meet the requirement of 10% (RES-D), the minimum ratio of bioethanol by volume is 
10.9%, while the requirement 6% GHG reduction (FQD) is met from our selection by bioethanol produced from 
wheat straw. Similar values describe also bioethanol based second generation raw materials (lignocellulose 
biomass). When comparing the use of bio-oils to diesel fuel the FQD threshold values are lower than the RES-D 
requirements, if biodiesel fuel produced from lignocellulose biomass or plant and animal waste is used as the bio-
component in fuel mixture. Using municipal solid waste and waste from agriculture decreases the negative impact 
on land use [7]. As the previous examples show, it is reasonable to add second generation bio-components during 
the preparation of fuels. If first generation bio-component is still to be used, its ratio must be considerably increased 
according to the requirements of FQD. Additionally, in the future attention must be paid to requirements of EASAC 
for developing fossil fuels in the transport sector according to the raw material source of a specific raw material 
type. For example, these include the location of the oil reservoirs and subsequent properties of the raw material 
which all affect the characteristics of CO2 amount. 

4.  Conclusions 

In the light of the requirements of RES-D and FQD to the motor fuel used in the transport sector, it is reasonable 
to use biofuels in fuel mixtures with traditional fuels. This ensures lower costs of engine alterations and adjustment. 

The relevant European Union directives for finding the ratio of biofuels in fuel mixture are: 

• Directive 2009/28/EC,  
• Directive 2009/30/EC. 

Relations have been prepared for finding the ratios of fuel components according to the requirements of the 
directives. Formulas have been prepared to allow the fuel manufacturer to calculate specific amounts by volume in 
liters. Additionally, the relations for calculating relative amounts have been given, which makes it possible to 
describe the fuel market in general. The formulas have been prepared according to the principle that minimum 
requirements must be met. 

The general conclusion can be drawn that when using second generation biodiesel as the bio-component, then the 
amount (energy content) required by RES-D (10%) in traditional diesel fuel also ensures meeting the requirement of 
FQD (6% reduction of GHGs). However, the same cannot be claimed about mixing bioethanol and traditional petrol 
where the volume of bio-component to be added is 11.7%, but from our selected raw materials, the requirement of 
FQD is only met by 10.4% of ethanol produced from wheat straw. A similar result is achieved when using 11.8% 
ethanol produced from wood waste, which is also a second-generation biofuel. Data for municipal solid waste is 
inadequate at the moment. When designing supply chain for biofuels it is important to take into account that 
supplied fuel total amount is higher. Especially alcohol based fuels (2…18%) compared to oil-based fuels 
(0.4…1.5%).   

In conclusion, it can be claimed that after the initial calculation results of the volume of bio-component, it is 
important to perform calculations according to both directives. The reason is the plurality of the raw materials and 
production methods of biofuels and their combinations, which can result in very different results in calculating the 
ratio of bio-components. In addition, the changes in the ratio of fuel components are affected by the implementation 
of new production technologies in the production of bio-components and the differences in CO2 amounts of 
traditional fuels based on the specific raw material, which requires further study. 
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Abstract. Hazardous components, such as NOx, CO and HC, in the spark ignition engine exhaust gases may 

cause serious consequences for human health. The hazardous components in the engine exhaust gases and 

thermal losses resulting from the engine work can be reduced to a great extent. Energy is released from the 

system in the form of heat, which use in preparation of the air-fuel mixture has a significant effect on the 

combustion process. The aim of the article is to, firstly, give an overview of the design and development 

processes of a heat exchange reactor on a four stroke spark ignition engine, and, secondly, to analyse the effect 

of a heat exchanger on the engine output parameters. In this research, a heat exchanger is fitted on a four stroke 

internal combustion engine-generator. The prototype of the heat exchanger is designed and tested. The influence 

of the heat exchanger on the engine work parameters is outlined and the problems are described and discussed. 

The results of prototyping indicate that a heat exchange reactor on a four stroke engine reduces harmful 

emissions of the test engine. More precisely, CO emissions decrease, when preheated air-fuel mixture is formed 

and directed into the spark ignition engine. The existing calculation models of the heat exchanger give inaccurate 

results of heat exchanger parameters. Based on the abovementioned, effective engine work with a heat exchanger 

needs further development.  

Keywords: exhaust reduction, engine efficiency, heat exchanger. 

Introduction 

Consistent pollution of the human environment and the Earth’s atmosphere is one of the main 

reasons of global warming. The main cause of the rapid increase in global warming is carbon dioxide 

and other greenhouse gases caused by human activity resulting from combustion of fossil fuels. The 

increasing use of fossil fuels such as petroleum or natural gas in the transport sector and the increasing 

energy needs of people have created a situation, where traditional fuels are being gradually replaced 

with alternative fuels, including biofuels [1-5]. The use of biofuels does not solve all the 

environmental pollution aspects related to the internal combustion engines. Besides the reduction of 

pollution, it is also important to use fuels more efficiently [6]. More efficient use of biofuels in internal 

combustion engines has been studied in various ways, including via development of fuel mixture 

preparation and supply systems [7-9]. In addition to modification of fuel supply systems there are 

different possibilities for better fuel combustion and preparation. One of the solutions worth 

mentioning is the free piston engines [10] and technical solutions based on the vortex effect and heat 

exchange, including thermoelectric systems, as additional systems. With the vortex effect based 

solutions diesel engines are able to significantly decrease the proportion of NOX and fine particles in 

the exhaust gases and reduce heat pollution caused by the high temperature of exhaust gases. Due to 

the fact that exhaust gases still contain fine particles a longer circulation of exhaust gases will clog the 

vortex reactor parts. Blockages and depositions prevent creation of the vortex effect [11]. This 

problem can be solved using heat exchange, where the fuel mixture and exhaust gases flow in separate 

channels. Depending on the heat exchange area and the flow rate and temperatures of gases, it is 

possible to achieve significant use of the residual heat from the internal combustion engine and a 

lower amount of residues in exhaust gases [12-16]. The heat exchange systems that are installed to 

internal combustion engines vary in terms of shape as well as operating principles. Known solutions 

include partial [17] and complete heat use solutions [18; 19]. 

Most popular heat exchangers are plate and tubeshape heat exchangers. In terms of construction 

these are air-to-liquid, air-to-air and liquid-to-liquid type exchangers. A compact plate heat exchanger, 

which is capable of withstanding temperatures up to 650 ºC and engine exhaust gas pressure up to 772 

kPa, is available, but heat exchangers with suitable parameters are difficult to find for engines with 

low cubic capacity. In addition, the effect of fuel supply systems based on heat exchange has not been 

studied in engines with low cubic capacity. In case of a heat exchange based fuel supply system, 

thermal energy from the exhaust gases is used for partial preparation of the fuel mixture with a 

tubeshape heat exchanger. Requirements for modelling the feed and heat exchange system were as 

follows: 

DOI: 10.22616/ERDev2018.17.N247 
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1. size of the system to be developed must be suitable for the test engine (50-250 cm
3
); 

2. system must allow changing the efficiency of heat transfer; 

3. system must provide a suitable fuel mixture for running the engine; 

4. system must allow running the engine at different loads; 

5. system must allow using different types of fuel; 

6. system must allow fine-tuning the engine. 

This research focuses on product development. The purpose of this article was to provide an 

overview of the development and development stages of the heat exchange based fuel supply system 

for internal combustion engines with low cubic capacity and spark-ignition. In addition to 

development results, the article also provides CO data measured in exhaust gases at different engine 

loads using unleaded petrol 95. The performance and efficiency of the heat exchange based fuel 

supply system is further inspected in the patent document US 5794601. 

Materials and methods 

Development of the heat exchange system was started by following the product development 

principles [20] and it included the following stages: 

1. wording and generalising the problem that needs a solution; 

2. generating and selecting ideas and finding similar conceptual solutions for the problem in 

question; 

3. analysing and synthesising the selected conceptual solutions; 

4. selecting the best technical solution according to the problem. 

The test device to be modelled, Fig. 1, has been designed so that when the internal combustion 

engine is started, negative pressure is created in the fuel supply system parts 12, 11, 2 and 6, thus 

negative pressure is created in the fuel tank 5 and heat exchanger 1, provided that the valve 9 is closed 

and the valve 8 is minimally open. Negative pressure causes suction of the required air from the 

exhaust pipe 10 through the fuel tank and fuel. The sucked air flows through the pre-filter 6 and breaks 

larger air bubbles that are created, when the air passes through fuel, ensuring better fuel evaporation. 

The evaporated fuel is transferred from the fine particle filter 7 to the heat exchanger. 

 

Fig. 1. Principle schematic of engine equipped with fuel supply system  

based on heat exchange principle 

The evaporated fuel flows in the heat exchanger 1 via the fuel mixture channel 2 into the heat 

exchanger reactor 11, which includes a reactor rod 4 at the centre. The purpose of the rod 4 is to press 

fuel mixture against the heat exchanger partition wall, which ensures more efficient heat transfer from 
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exhaust gases to evaporated fuel. The exhaust gases 3 (630-650°C) flow in the opposite direction to 

the fuel mixtures in the reactor 11. As a result of operation of the heat exchanger the exhaust gas cools 

and rarefies and the fuel mixture gets hotter and expands. The heated fuel mixture is sucked to the 

intake manifold 12 by negative pressure created by the internal combustion engine and, depending on 

the engine load, the required additional air is supplied to the intake manifold via the valve 9. The 

heated fuel mixture and additional air are sucked to the internal combustion engine cylinder and 

ignited. 

Based on the engine’s technical data and settings the development must take into consideration 

certain preliminary technical restrictions [21]. For a spark-ignition internal combustion engine it is 

possible to use two types of heat exchangers, i.e. tubeshape and plate heat exchanger [18]. 

Development of a tubeshape heat exchanger requires in particular the identification of problems that 

may occur when making improvements to the fuel mixture preparation system of the spark-ignition 

internal combustion engine. Plate heat exchanger allows stable heat exchange between the engine’s 

exhaust gases and fuel mixtures. Plate heat exchanger is somewhat more efficient, but the tubeshape 

solution is easier to make and maintain during exploitation [17]. In case of tubeshape solution, it is 

also possible to use replaceable reactor rods, Fig. 1, p. 4, allowing to change the efficiency of heat 

transfer and thus ensure a more efficient performance of the internal combustion engine.  

By adding the heat exchange system to the fuel mixture preparation system of the engine it is 

possible to use different fuels without the need to make significant changes to the construction of the 

factory-made engine. The specific solution of each heat exchange system depends on its application. 

The fuel supply system based on the heat exchange principle can be divided into three types. First is 

the air-to-fuel type system. Fuel mixture is preheated in the reactor of the heat exchanger and the 

additional air required for engine operation is added directly to the intake manifold. Second is the air-

to-fuel and partial exhaust gas type system. Exhaust gases are directed through the fuel tank to the heat 

exchanger in order to preheat the fuel. Fuel mixture is then directed through the heat exchanger to the 

engine cylinder. For the heat exchange systems mentioned above different variants of fuel preparation 

systems, modified carburation, injection and fuel pre-evaporation principle in the tank are used. 

Description of the pre-evaporation solution of the heat exchange system is provided in the patent 

document US 5794601, explaining the preparation method of the engine’s fuel mixture and 

constructive solution and operation of the device in greater detail. Regarding the previously specified 

requirements a tubeshape heat exchanger is used together with a new fuel mixture system in this 

research, since the selected heat exchanger allows to change the efficiency of heat transfer. The 

efficiency of heat transfer is changed with reactor rods by adjusting the clearance in the reactor’s fuel 

mixture channel to ensure optimal operating mode.  

By using various diameter reactor rods it is possible to optimise the expansion of fuel mixture 

gases resulting from heat exchange. For the test engine a fuel tank with pre-evaporation was used. 

Additional air required for engine operation was added directly to the intake manifold. The air-fuel 

mixture and exhaust gas flow as well as underpressure in the fuel tank and expansion of fuel gases in 

the heat exchanger must be optimal. Otherwise, the power indicators of the internal combustion engine 

decrease and the amount of hazardous substances in the engine exhaust gases increases. 

Test devices included a 2-stroke (LTE145) and a 4-stroke (DB3500CL) air-cooled spark-ignition 

engine generator, Fig. 3, Fig. 5. Main factory data of the 2-stroke engine: stroke 40 mm, cylinder 

capacity 63 cm3
 and maximum power 1.5 kW, 3000 rpm. Main factory data of the 4-stroke engine: 

cylinder capacity 208 cm
3
, cylinder diameter 69.9 mm, stroke 55.6 mm and maximum power 3.6 kW, 

3000 rpm. These engine generators were selected as test devices, since it was technically better to 

change and accurately maintain the generator loads in case of this solution. Electric bulbs were used as 

the controlled load. The fuel used was regular unleaded petrol 95. Engine tests were carried out at 

loads 500, 1000, 1500 and 2000W. During testing of the fuel supply system the exhaust gas emission 

was measured with the device Bosch BEA 350 at generator loads 500W and 1000W. During engine 

tests the carbon monoxide (CO) content in the exhaust gas was measured and a total of 21 

measurements were obtained. Data were processed in MS Excel and averaged carbon monoxide (CO) 

results are presented. 
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Results and discussion 

Development of the heat exchange based fuel supply system was divided into two stages. The first 

stage included selecting a suitable fuel supply system solution and building a test device for a 2-stroke 

engine. This stage included the following activities: 

1. selecting the initial heat exchanger concept and making a model; 

2. selecting the fuel tank concept and making a model; 

3. preparing technical drawings; 

4. building the heat exchanger; 

5. building the fuel tank; 

6. installing the modified fuel supply system to the 2-stroke engine; 

7. testing the engine. 

For building a heat exchanger, a model was made, Fig. 2, and drawings were prepared. Then the 

heat exchanger was built, Fig. 4-A. First problems occurred while building the heat exchangers, 

depending on the selected stainless material and the pipes of the designed reactor’s fuel mixture 

channel warped and prevented free movement of the reactor rods. In order to solve this structural 

problem a steel weld pipe was selected as the fuel mixture channel, the channels of which broke 

during treatment, Fig. 4-B. The reason for this was that the wall of the fuel mixture channel pipes was 

too thin. A suitable fuel mixture channel for the reactor, Fig. 4-C, was a drawn pipe made of steel 

E235-N (St 37.4) that ensured the treatment process with suitable accuracy. A heat exchanger was 

built that included four fuel mixture channels with a total cross-sectional area of 40.84 mm2
 and the 

channel length of 300 mm. The components of the fuel supply system above mentioned were 

assembled and installed to a 2-stroke engine. 

 

Fig. 2. Initial model of heat exchanger 

Upon starting the 2-stroke engine a problem occurred with negative pressure in the fuel tank. 

More specifically, the built fuel tank was too large for creating sufficient negative pressure in the fuel 

tank for the evaporated fuel to reach the engine. Therefore, a new fuel tank was developed, Fig. 4-E, 

the working principle of which complied with the initial design and which was 4 times smaller than 

the original tank. After changing the fuel tank the engine started. During engine operation it was 

discovered that the data in the patent document US 5794601 about this solution being suitable for 2-

stroke engines is not correct. After 12 minutes of operation problems occurred with lubrication of the 

2-stroke internal combustion engine. As a result of evaporation the oil-petrol mixture in the fuel tank 

cooled and during evaporation lighter fractions were separated from the fuel, while heavier fuel 

fractions together with engine oil were left in the fuel tank. According to the data in the patent 

document US 5794601, it may be expected that the oil added to the fuel would evaporate together with 

the fuel and thus ensure lubrication of the engine. The problem that occurred during the fuel supply 

system development can be solved in two ways: 1) by improving the engine with an additional 

lubrication system; 2) by using a 4-stroke engine, which is lubricated via crankcase.  

In the second stage a 4-stroke engine was selected, since the fuel supply system based on the 

designed heat exchange was suitable for up to 250 cm
3
 engines and building a lubrication system for a 

2-stroke engine is a complicated process. The second stage of the fuel supply system development 

included studying heat exchange processes and developing the existing test device. The second stage 

included the following activities. 
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1. installing the test device on the test engine; 

2. testing the test device on the engine; 

3. mapping the occurred problems and improving the fuel supply system; 

4. performing engine tests. 

 

Fig. 3. View of fuel supply system based on designed heat exchange on 2-stroke engine 

A heat exchanger, Fig. 4-C, and a fuel tank, Fig. 4-E, were installed to the test engine, Fig. 5. The 

engine started without problems, operated at low loads and allowed applying 500 W load to the 

generator. When the load was increased to 1000W, problems occurred. The pre-filter and fine particle 

filter of the fuel tank were unable to sufficiently stabilise the fuel flow in the tank, causing the liquid 

fuel to enter the reactor. Liquid fuel that entered the reactor impaired its operation. The reason for the 

occurred problem was the capacity of the selected fuel tank (1 litre) and the small distance between the 

fuel level and the fine particle filter. The 4-stroke test engine (208 cm
3
) created high negative pressure 

in the fuel tank and caused the fuel to enter the heat exchanger. For the fuel supply system of the test 

engine the initially designed 4 litre fuel tank, Fig. 4-F, was installed. The replaced fuel tank allowed 

engine operation without problems and applying 1000 W load to the generator. At generator load of 

1500 W problems occurred with fuel feed. More precisely, the problem was keeping the rotational 

speed of the crankshaft at n
e = 3000 rpm. The engine operated with low performance fuel mixture, 

since the fuel supply system could not provide the amount of fuel required for operation. In order to 

solve the problem, reactor rods with a diameter of 6 mm were replaced with rods with a diameter of 

5 mm. This solution increased the cross-sectional area of the fuel mixture channels to 75.4 mm
2
. 

 

Fig. 4. Heat exchanger prototypes (A, B, C, D) and fuel tanks (E, F) 

The engine with a modified fuel supply system did not operate steadily at the load of 1500W and 

stopped after a certain period of time. The problem was caused by cooling of the fuel in the fuel tank, 

which resulted in poor evaporation of the fuel. In order to solve the problem, the cross-sectional area 

of the channel, Fig. 1, between the fuel tank of the fuel supply system and the heat exchanger was 

increased (221.6 mm
2
) and exhaust gases were also directed to the fuel tank. Directing the exhaust 

gases to the fuel tank increases fuel temperature in the fuel tank and ensures more efficient 
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evaporation of the fuel. With the improvements a steady engine operation was achieved at the load of 

1500W and complete evaporation of fuel in the tank. At the load of 2000W, the generator did not 

operate steadily and required constant adjustment of rotational speed. Since this problem also occurred 

at the load of 1500W, it can be concluded that this fuel supply system is unable to supply the engine 

with sufficient amount of fuel. In addition to the previously described, a connection problem occurred 

as a result of engine vibrations – the heat-resistant silicone failed and the reactor parts started to 

vibrate. Therefore, it was decided to develop a new heat exchanger with five channels, where the 

cross-sectional area of the fuel mixture channel of the heat exchanger, Fig. 1, was increased to 129.6 

mm
2
. It was assembled by welding. For the heat exchange in the fuel mixture channel a 450 mm 

usable total length was selected. The channel diameter of the internal combustion engine was 

increased by 1.5 times. As a result of improvements the engine-generator operated at a load of 2000W 

steadily for a while, but then required additional adjustment. The reason for this was uneven 

evaporation of fuel in the tank, where light fractions evaporated before heavy fractions. In order to 

solve the problem, the fuel supply system needs to be improved with a centrifugal governor that 

allows regulating the fuel mixture depending on the fuel fraction applied to the engine. During engine 

tests it was studied, how the heated fuel mixture affects the engine’s exhaust gas emission. 

 

Fig. 5. View of fuel supply system based on designed heat exchange on 4-stroke engine 

Basic technical data of the heat exchanger of the fuel supply system that was used in the engine 

tests are shown in Table 1.  

Table 1 

Basic data of technical components of heat exchanger 

Technical component Unit Value 

Heat exchanger’s operating part length mm 450 

Cross-sectional area of exhaust gas flow mm
2
 1493 

Internal diameter of the internal pipe mm 7 

Reactor rod diameter (5 pcs) mm 5 

Cross-sectional area of fuel mixture flow mm
2
 129.6 

When regulating the fuel supply system with a heat exchanger, there is a delay that should be 

taken into consideration. The delay makes adjusting the fuel supply system complicated, especially at 

higher loads (1500-2000 W). At lower loads (0-1000 W) there were no problems during adjustment of 

the fuel system. The measurement data of carbon monoxide that was measured during the engine tests 

are shown in Fig. 6.  

Figure 6 shows that carbon monoxide content in exhaust gases at loads 500 W and 1000 W 

decreases significantly. When using the developed fuel supply system at a load of 500 W, the CO 

content decreased by 74.4 %. At a load of 1000 W this content decreased by 93.27 %. During testing it 

was also discovered that the engine vibrations at different loads are noticeably lower compared to 

using the engine’s original fuel supply system. 
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Fig. 6. Carbon monoxide (CO) content in exhaust gases for engine equipped with carburettor 

and heat exchange based fuel supply system at generator loads 500W and 1000W 

Conclusions 

This research describes the development process of the heat exchange based fuel supply system in 

stages. The development systems are divided in two, for the development of a 2-stroke engine and for 

the development of a 4-stroke engine. 

1. During development of the heat exchange based fuel supply system of a 2-stroke spark-ignition 

engine the following aspects became evident: 

 capacity of the fuel tank must comply with the engine’s cubic capacity (large fuel tank 

capacity is not suitable for an engine with low cubic capacity); 

 by increasing the cross-sectional area of the heat exchanger’s fuel mixture channel it is 

possible to apply higher generator loads. It must be considered that it lowers the efficiency of 

heat transfer; 

 technical conditions of the fuel supply system described in the patent document US 5794601 

are not suitable for a 2-stroke engine (light fractions evaporate in the fuel tank and heavy 

fractions such as engine oil do not evaporate). 

2. During development of the heat exchange based fuel supply system of a 4-stroke spark-ignition 

engine the following aspects became evident: 

 capacity of the fuel tank must comply with the engine’s cubic capacity; 

 change in fuel fractions in the fuel tank requires installing an additional centrifugal governor 

to the fuel preparation system; 

 by increasing the cross-sectional area of the fuel channel of the fuel supply system the CO 

indicators deteriorate at lower loads. 

3. In case of the heat exchange based fuel supply system there was a significant drop in the carbon 

monoxide (CO) content in the engine exhaust gases. 

4. The engine vibrations decreased at different loads, when using the fuel supply system based on 

heat exchange. 
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Abstract. The analysis of the performance of biofuel is aimed at evaluating the energy efficiency

other physical-and-chemical parameters. The mathematical models and analysis techniques
known to the authors do not take into account the effect that the use of different bio-diesel fuels
has on the operation of the engine and, therefore, need refinement in terms of the mathematical
expressions and empirical formulae that describe the physical processes taking place in the

consideration the physical-and-chemical parameters of different types of fuel. The research
methods proposed in the article are based on step-by-step consideration of the mathematical
models of processes that follow each other, with due account for their possible overlapping, which

indices. The boundary conditions and parameter
increments are pre-set in electronic work sheets. Thus, it becomes possible, using the refined
mathematical model, to calculate the main performance indices of the diesel engine with due
account for the changes in the physical-and-chemical parameters of the fuel. The novelty of the
described approach is in the possibility, through the use of the refined model and taking into
account the data on the composition of the fuel and the design and operation parameters of the
engine, to calculate the indices that allow evaluating the efficiency of use of specific fuels in the
internal combustion engine under consideration. In results, formulas for the calculation of the
effective power of the engine, fresh air charge density, excess air factor, effective specific fuel
consumption and combustion pressure have been developed. Combustion pressure modelling and
experimental data is presented.

Key words: biofuel, efficiency, composition, physical-and-chemical parameters of the fuel,
internal combustion engine.

INTRODUCTION

In the process of analysing the efficiency of use of a biofuel, the determining factor
is the operating efficiency of the engine running on that fuel and many researches are
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made on this topic (Raheman et al., 2004; Ulusoy et al., 2004; Choi et al., 2006; Kaplan
et al., 2006, Reyes et al., 2006, Özgünay et al., 2007; Utlu, 2008; Hazar, 2009, Ozsezen
et al., 2009, Xue et al., 2011). Thus, the consideration is given to the main factors that
have effect on the energy performance of the engine (Apostolakou et al., 2009;
Baranauskas et al., 2015). The other important issue is the fuel consumption rate per unit
of energy output.

Hence, the output parameters of the problem under study are the external
characteristics of the engine running on different types of fuel. There is a great number
of models describing the work processes that take place in the engine cylinder (Naitoh
et al., 1992; Mikita et al., 2012; Shabir et al., 2014; Olt et al., 2015; Zhou et al., 2015).
However, such models not always take into account the effect that the fuel has on the
performance indices of the engine, while those taking this effect into consideration are
complicated and require carrying out a number of additional experimental studies in
order to determine the coefficients and characteristics of the related processes used as
input data (Osetrov, 2005).

Accordingly, it is a task of current concern to develop a mathematical model
capable of describing with the use of semi-empirical relations the work processes in the

characteristics with due account for the physical-and-chemical properties of different
types of fuel.

The mathematical models used for the calculation of external characteristics of
engine performance can be divided into two types. The models of the first type are based
on the heat calculation of the engine (Merker et al., 2012a). They are rather complicated,
since they include quite a number of various parameters specifying the involved
processes: gas exchange (intake-scavenging-exhaust), air and fuel mixing and
combustion in the engine cylinder, heat transfer, internal energy losses and other. While
such a mathematical model is suitable for calculating the engine operation at its rated
duty, it cannot be used in case of the maximum torque duty in view of the absent
coefficients that can be determined only experimentally. The second type of models is
used more extensively for practical calculations and is based on the use of semi-empirical
equations of the external characteristics with experimentally obtained coefficients
(Osetrov, 2005; Ghobadian et al., 2013), and it is represented by the cubic trinomial
formula:

, (1)
where relative (normed) power equal to the ratio between the current
power N and the maximum (rated) power coefficients depending on
the type of engine; relative rate of rotation equal to the ratio between the
current rate of rotation n and the maximum rate of rotation
crankshaft.

In the simplified case, the formula, in which only the relation with the torque is
taken into account, can be used. The empirical model (1) for the calculation of the

characteristics of engines of the same type.
The task of investigating the engine performance is important in case of changing

the fuel type. When the engine is operated with the use of an alternative fuel, a need
arises to adjust the control parameters (Osetrov, 2005; Küüt et al., 2015, Ilves et al.,

864

2019) in view of the fact that the fuel of another type has different physical-and-chemical
parameters and, in order to optimise the operation of the engine with another type of
fuel, it is necessary to take into account the changed parameters of the work process.

-and-chemical parameters

relation, because the above-mentioned properties of the fuel can have a considerable
impact on the working conditions of the engine.

calculation or experimentally at a rated duty under the pre-set operating conditions,
taking into account the type of fuel, ambient conditions etc. In recent years, a number of
scientific studies have mainly focused on the kinetics of the combustion of biofuels,
including biodiesel (Ra & Reitz, 2011; Ismail et al., 2013; Maawa et al., 2020; Lejre et
al., 2020). In addition, models for calculating engine torque have been developed (Alcan
et al., 2020). All research deals with models one by one. For example, reactions of sulfur
compounds, optimization of torque models, etc. are discussed. However, a model system
that takes into account the characteristics of the engine being developed and the fuels
used in it is important for engine development.

In that case, one more mathematical model is required, which would provide for
carrying out the calculation on the basis of the physical-and-chemical properties of the
bio-
power at its rated duty.

The aim of the study is the development of a mathematical model for the practical
analysis of the efficiency of use of biofuel in diesel engines, which would take into

. The developed model in the article is designed to

MATERIAL AND METHODS

Mathematical model
The methods of research are based on mathematical modelling of the physical and

physical-and-mechanical processes taking place in the engine cylinder, which are taken
into consideration one after another and related with each other in a cause-effect
relationship. Microsoft Excel electronic work sheets have been used for the
mathematical modelling of the processes that take place in the diesel engine cylinder,
when bio-diesel fuels of different compositions are used. Developed model and non-
referred equations based on the theory of the internal combustion engine of the Heywood
(1988).

The analysis and calculation of the effective power of the engine can be carried out
with the use of the following known analytical dependence (Heywood, 1988):

en

he
e

, (2)

where pe mean effective pressure in the cylinder [MPa]; Vh cylinder displacement;
n rate of rotation of the crankshaft [min-1]; number of cylinders; en number of
strokes in the cycle of the engine.
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power at its rated duty.

The aim of the study is the development of a mathematical model for the practical
analysis of the efficiency of use of biofuel in diesel engines, which would take into

. The developed model in the article is designed to

MATERIAL AND METHODS

Mathematical model
The methods of research are based on mathematical modelling of the physical and

physical-and-mechanical processes taking place in the engine cylinder, which are taken
into consideration one after another and related with each other in a cause-effect
relationship. Microsoft Excel electronic work sheets have been used for the
mathematical modelling of the processes that take place in the diesel engine cylinder,
when bio-diesel fuels of different compositions are used. Developed model and non-
referred equations based on the theory of the internal combustion engine of the Heywood
(1988).

The analysis and calculation of the effective power of the engine can be carried out
with the use of the following known analytical dependence (Heywood, 1988):

en

he
e

, (2)

where pe mean effective pressure in the cylinder [MPa]; Vh cylinder displacement;
n rate of rotation of the crankshaft [min-1]; number of cylinders; en number of
strokes in the cycle of the engine.
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Pressure pe can be expressed as the following difference:
, (3)

where pi actual mean indicated pressure, with due account for the smoothing out of the
indicator diagram [MPa]; pm mean pressure of the mechanical losses [MPa].
Pressure pi is determined by the formula:

, (4)
where theoretical mean indicated pressure [MPa]; coefficient of smoothing of
the indicator diagram.

The theoretical mean indicated pressure can be found using the Grinevetsky
Mazing formula for the composite Diesel cycle (Merker et al., 2012a, 2012b):

, (5)

where pc pressure at the end of the compression stroke [MPa]; compression ratio;
rp pressure ratio; preliminary expansion ratio; n1 polytropic index of
compression; n2 polytropic index of expansion; subsequent expansion ratio.
The rp index is determined as follows:

c

z
p p

pr . (6)

where pz maximum pressure of the engine operating cycle [MPa].
Preliminary expansion ratio:

, (7)

where Vz and Vc

maximum pressure in the cylinder during the cycle (point z on the indicator diagram)
and the combustion chamber, respectively by Mikita et al. (2012).

The established formula of the total cylinder volume can be used to determine the
volume Vz (Merker et al., 2012a, 2012b):

. (8)
The next step is to use the cylinder displacement formula with due account for the

number of dimensions:
3

2

10
4

SDVh
, (9)

where D cylinder diameter [m]; S piston stroke [m].
The formulae (8, 9) can be used to find the current volume, when the piston is at a

random point (for example, at the point z of the indicator diagram):

cx VSDV 3
2

10
4

(10)

where Sx current stroke position of the piston [m], which depends on the angular
displacement of the crankshaft and is determined by the formula (Merker et al., 2012a):

866

, (11)
where r crank throw [m]; Lcr connecting rod length [m]; and angles of the
position of the crank and the deflection of the connecting rod from the vertical axis,
respectively.

The variable Lcr can be eliminated with the use of the parameter crank-and-rod
mechanism constant (ratio between the crank throw and the connecting rod length):

cr

(12)

hence,
. (13)

Taking into account the centred type of the crank-and-rod mechanism (for example,
engine), the piston stroke is equal to two throws of the

crank:
(14)

hence,
. (15)

After substituting the relations (11, 13, 15) and the values of the angles and
corresponding to the position of the crank at the point z of the indicator diagram with the
respective index into the Eq. (10), the following formula for the volume Vz is obtained:

(16)

Subsequent expansion ratio:
. (17)

Mean pressure of the mechanical losses (Merker et al., 2012a):
, (18)

where a and b empirical coefficients [MPa and MPa s m-1 respectively]; Wp.av mean
piston speed [m s-1], which for practical calculations can be found from the formula:

30.
nSW avp
. (19)

Calculations princaples
In order to verify the adequacy of the obtained mathematical model of the work

processes in the engine cylinder, it is necessary to set the
diesel engine has been chosen by the authors as the subject of research. The initial data
are represented in the Table 1.

After substituting the initial data into the developed mathematical model
represented by the formulae (31 35), (42), (43), (47 50), (53 55), it is possible to
calculate the part of the indicator diagram that includes the compression polytropy curve
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In order to obtain the value of the gas temperature in the cylinder, it is necessary
to carry out experimental research. The main point of such research is in the indication

Table 1. Initial data for modelling work processes in ated duty

Pos. Description Designation
[unit]

Numerical value

At rated
duty

At experimental
duty with diesel
fuel

At experimental
duty with
biofuel

1 2 3 4 5 6
1 Rotation rate of crankshaft n [rpm] 2,200 2,200 2,200
2 Compression ratio 16 16 16
3 Atmospheric pressure [MPa] 0.101325 0.09799167 0.09799167
4 Combined effect of air

intake system coefficients
on fresh air charge
parameters

2.5 2.5 2.5

5 Piston stroke S [m] 0.125 0.125 0.125
6 Cylinder diameter D [m] 0.11 0.11 0.11
7 Crank-and-rod mechanism

constant
0.272 0.272 0.272

8 Ambient air temperature 293.15 303.15 303.15
10 Angle of bevel of valve

couple (seat angle) in gas
distribution mechanism

v [deg] 45 45 45

11 first cylinder 1vh [m] 0.01215 0.01215 0.01215
12 second cylinder [m] 0.01215 0.01215 0.01215
13 third cylinder [m] 0.0122 0.0122 0.0122
14 fourth cylinder [m] 0.0124 0.0124 0.0124
15 Valve throat diameter on

machined face in intake
port

[m] 0.0462 0.0462 0.0462

16 Cyclic fuel injection rate fcV [mm³ cycle-1]62.7365 56.5148 56.5148
17 diesel (at T = 323

ºK) [kg m-3]
825 - - -

18 bio-diesel (at T = 323
ºK) [kg m-3]

856 - -

19 Molar mass of air a [kg kmol-1] 28.96 28.96 28.96
20 Cylinder purging

coefficient
1 1 1

21 Additional cylinder
charging coefficient

1.0996 1.022 1.022

22 Residual gas temperature 825 825 825

868

Table 1 (continued)

Brief technical description of subject of research. The engine under research is a
naturally aspirated four-cylinder four-stroke Diesel engine with an open combustion
chamber and a liquid cooling system. The model is D-240, produced by the Minsk
Engine Works. The fuel system is of a closed type. The split-type fuel-feed equipment
comprises the UTN-5 inline fuel-injection pump with an inbuilt all-speed governor and
closed-type FD-22 fuel nozzles with 5-orifice spray atomizers as well as thick-walled
steel high pressure fuel lines. The diameter of an injection orifice in the spray atomizer
is 0.32 mm. The pear-shaped combustion chamber in the piston has been developed by
the Central Research and Development Diesel Institute (TsNIDI). The engine power
rating is 58.8 kW.

The following grades of fuel have been used, when carrying out the experimental

rapeseed and sunflower oils).
In the next paragraphs, the engine indication procedure is described.

that shows the relation between the pressure p in the cylinder and the crankshaft angular
displacement , i.e. finding the function p = f( ).

The the following equipment is required to indicate an engine: an indicator
instrument, the tested engine, a braking device, instruments for measuring the fuel and
air consumption and other metering equipment.

Experimental tests
Equipment for experiment
The indicator instruments used for tests can be of different types. In the study under

consideration an electronic indicator has been used, as that is the most accurate and
compact type of design. The principle of operation of the electronic indicator is in the
conversion of the gas pressure into an electronic signal. The conversion is performed by
the piezoelectric transducer 1 (Fig. 1, a), screwed into the cylinder head 2 of the engine
in the area of the fourth cylinder.

1 2 3 4 5 6
23 carbon 0.85665 0.85665 -
24 hydrogen 0.133 0.133 -
25 sulphur 0.005 0.005 -
26 oxygen 0.01 0.01 -

27 carbon 0.772 - -
28 hydrogen 0.119 - -
29 sulphur 0 - -
30 oxygen 0.109 - -

31 Fresh air charge preheating
temperature

20 40 20 22



117

867

In order to obtain the value of the gas temperature in the cylinder, it is necessary
to carry out experimental research. The main point of such research is in the indication

Table 1. Initial data for modelling work processes in ated duty

Pos. Description Designation
[unit]

Numerical value

At rated
duty

At experimental
duty with diesel
fuel

At experimental
duty with
biofuel

1 2 3 4 5 6
1 Rotation rate of crankshaft n [rpm] 2,200 2,200 2,200
2 Compression ratio 16 16 16
3 Atmospheric pressure [MPa] 0.101325 0.09799167 0.09799167
4 Combined effect of air

intake system coefficients
on fresh air charge
parameters

2.5 2.5 2.5

5 Piston stroke S [m] 0.125 0.125 0.125
6 Cylinder diameter D [m] 0.11 0.11 0.11
7 Crank-and-rod mechanism

constant
0.272 0.272 0.272

8 Ambient air temperature 293.15 303.15 303.15
10 Angle of bevel of valve

couple (seat angle) in gas
distribution mechanism

v [deg] 45 45 45

11 first cylinder 1vh [m] 0.01215 0.01215 0.01215
12 second cylinder [m] 0.01215 0.01215 0.01215
13 third cylinder [m] 0.0122 0.0122 0.0122
14 fourth cylinder [m] 0.0124 0.0124 0.0124
15 Valve throat diameter on

machined face in intake
port

[m] 0.0462 0.0462 0.0462

16 Cyclic fuel injection rate fcV [mm³ cycle-1]62.7365 56.5148 56.5148
17 diesel (at T = 323

ºK) [kg m-3]
825 - - -

18 bio-diesel (at T = 323
ºK) [kg m-3]

856 - -

19 Molar mass of air a [kg kmol-1] 28.96 28.96 28.96
20 Cylinder purging

coefficient
1 1 1

21 Additional cylinder
charging coefficient

1.0996 1.022 1.022

22 Residual gas temperature 825 825 825

868

Table 1 (continued)

Brief technical description of subject of research. The engine under research is a
naturally aspirated four-cylinder four-stroke Diesel engine with an open combustion
chamber and a liquid cooling system. The model is D-240, produced by the Minsk
Engine Works. The fuel system is of a closed type. The split-type fuel-feed equipment
comprises the UTN-5 inline fuel-injection pump with an inbuilt all-speed governor and
closed-type FD-22 fuel nozzles with 5-orifice spray atomizers as well as thick-walled
steel high pressure fuel lines. The diameter of an injection orifice in the spray atomizer
is 0.32 mm. The pear-shaped combustion chamber in the piston has been developed by
the Central Research and Development Diesel Institute (TsNIDI). The engine power
rating is 58.8 kW.

The following grades of fuel have been used, when carrying out the experimental

rapeseed and sunflower oils).
In the next paragraphs, the engine indication procedure is described.

that shows the relation between the pressure p in the cylinder and the crankshaft angular
displacement , i.e. finding the function p = f( ).

The the following equipment is required to indicate an engine: an indicator
instrument, the tested engine, a braking device, instruments for measuring the fuel and
air consumption and other metering equipment.

Experimental tests
Equipment for experiment
The indicator instruments used for tests can be of different types. In the study under

consideration an electronic indicator has been used, as that is the most accurate and
compact type of design. The principle of operation of the electronic indicator is in the
conversion of the gas pressure into an electronic signal. The conversion is performed by
the piezoelectric transducer 1 (Fig. 1, a), screwed into the cylinder head 2 of the engine
in the area of the fourth cylinder.

1 2 3 4 5 6
23 carbon 0.85665 0.85665 -
24 hydrogen 0.133 0.133 -
25 sulphur 0.005 0.005 -
26 oxygen 0.01 0.01 -

27 carbon 0.772 - -
28 hydrogen 0.119 - -
29 sulphur 0 - -
30 oxygen 0.109 - -

31 Fresh air charge preheating
temperature

20 40 20 22



118

869

However, the installation of the pressure transducer alone will result in obtaining
only the ordinates for the indicator diagram. In order to find the abscissae, an engine
crankshaft position sensor (CSPS), i.e. the induction pick-up (Fig. 1, b) has to be
installed.

a) b)

Figure 1. piezoelectric gas pressure transducer
DW-150, 2 engine cylinder head, 3 engine crankcase; b) 1 induction pick-up
2 sensor mounting bracket, 3 crankshaft balancer pulley 21214-1005060-4, 4 pulley
hold-down bolt.

The reception and processing of the signals sent by the pressure transducer and the
CSPS have been performed by the measurement module ZET 210, an analogue-to-digital
and digital-to-analogue converter (ADC DAC), connected with the personal computer
(PC) via a USB cable (Fig. 2, ZETLab interface included in the
measurement module supply package has been used for displaying the signals on the PC
monitor. In essence, the measurement module is an electronic oscillograph capable of
simultaneously receiving and processing up to 16 signals.

Figure 2. Equipment for laboratory experiments: ZETLab measurement module connected to
ADC DAC; 2 PC; 3 switching unit (SB); 4 cable

HS USB 2.0; 5 power cable of SB (12 V); 6 cable of input signals from transducers.
b) -5542 run-in check-out test bed for internal combustion engines: 1 rheostat; 2 stand;
3 fuel tank; 4 three-way valve; 5 fuel supply line; 6 weighing unit; 7 measuring and
recording equipment; 8 diesel engine; 9 linkage (cable) for driving governor lever of fuel
injection pump; 10 balancing electric machine; 11 control panel; 12 weighing system.
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In order to support the supply of power and reception of signals to/from the
transducers, the special switching unit 3 (Fig. 2,
supplied to the switchboard (SB) from the standard accumulator battery of the engine,
the unit, in its turn, transforms the voltage as necessary to supply power to each of the
sensors (if needed) and receives from the latter their respective signals. Further, the
signals are transmitted to the ADC DAC and displayed on the PC monitor in the form of
oscillograms. In the study under consideration, two oscillograms are enough to generate
the indicator diagram the oscillograms of the signals from the pressure transducer and
the CSPS with the same axis of abscissae (shows the duration of the experiment in time).
The data from the oscillograph can be recorded both in the graphical and tabular formats,
which is convenient for their further processing.

In the capacity of the braking unit, the -5542 commercial run-in check-out test
bed for internal combustion engines (Fig. 2, b) has been used. The test bed comprises
the balancing asynchronous electric machine 10 with a phase-wound rotor, model

used for starting the diesel engine, when it acts as an electric motor and rotates the engine
at the starting frequency, and for putting load on the diesel engine during the test, when
it acts as an electric brake and imparts to the diesel engine the loading magnetic moment
that arises due to the rotating magnetic field. The stator of the electric machine is
mounted so as to allow it to rotate about its axis and is balanced via a system of cable
and lever linkages by the pendulum of the weighing system 12, which, in its turn, is
attached to the gauging pointer that swings on the dial gauged in kg. Thus, when the
electric machine switches to the electric brake mode of operation putting load on the
engine, a rotational torque arises, which turns the stator through some angle until it is

of the pendulum is what identifies the rotational torque delivered by the engine.
The load on the diesel engine is changed by changing the strength of current on the

rotor windings of the electric machine with the use of the liquid rheostat 1, which is a
300 L tank with electrolyte (water solution of caustic soda) and three steel electrodes
immersed in the electrolyte. The area of contact between the electrodes and electrolyte
changes together with the electrode immersion depth, which implies varying the
resistance on the rotor windings and that results in the alteration of the electromagnetic
braking torque that loads the diesel engine 8.

During the operation of the test bed, when the electric machine rotor windings are
energized, the electrolyte is continuously mixed by the agitator, which is switched on
from the push-button station on the control panel 11. The other push-button station also
installed in the control panel is for switching on the motor reducer that sinks or hoists
the electrodes. Apart from them, the control panel features the standard engine metering
equipment, in particular, the engine tachometer, which has been used for measuring the
crankshaft rotation frequency in order to control the speed condition of the engine.

The values of the gas temperature in the cylinder for the formula (43) are taken
from the experimental
paper by Romanov (2010).

In order to supply the engine with fuel and measure its consumption rate, the test
bed is equipped with the tank 3, the three-way valve 4 connected with the tank via the
low pressure fuel supply line 5 and the electronic weighing unit 6 for measuring the mass
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consumption, on which a graduated cylinder is placed for measuring the volume
consumption of fuel.

-5542 test bed provides for establishing various load and speed duties
of the tested engine as well as measuring its effective parameters under these duties.

Besides, the following sensors have been used for measuring auxiliary parameters
in the process of engine indicator diagram plotting: a mass air flow (MAF) sensor

- -2-
1,060 600 °C) 90.06.04600

placed in the exhaust manifold for measuring the exhaust gas temperature in the middle
of the flow, VIKA sensors for recording the fuel-feed equipment operation parameters
and a pressure transducer from the Delfin-1M test bench. The VIKA pressure transducer
is installed in the fuel injection line for measuring the pressure of fuel before the fuel
nozzle, while the Delfin-1M pressure transducer is put as a clip on the fuel supply line
after the pump outlet for measuring the deformation of the fuel supply line. These sensors
have also been connected to the ZETLab measurement module by means of the SB.

Also, the ambient air temperature and pressure have been measured with the use of
mercury-filled thermometer and barometer gauge as well as the relative air humidity
with the use of an aspirated psychrometer.

Preparation of experiment
The laboratory experiment was carried out in the laboratory of internal combustion

engines. In order to install the DW-150 gas pressure transducer, it was necessary to
prepare the engine cylinder head. For that purpose, the engine was partially
disassembled, the engine head was dismantled. After a thorough examination of the
head, two canals were bored one horizontal and one vertical for connecting the
transducer with the internal chamber of the cylinder. In the horizontal bore, thread was
tapped for screwing the transducer into the cylinder head. Before mounting the cylinder
head back into its position, the valve system was checked with regard to the tightness
and seating of the valve disks, also the seating of the injector nozzle needles in the wells
of spray tips as well as the evenness of the sealing surfaces on the cylinder head and the
cylinder block were checked.

The design of this model of engine did not provide for the installation of a CSPS
sensor, therefore, a sensor and a 21214-1005060-40 crankshaft balancer
pulley supplied for standard VAZ-2105 motor cars were used. In order to equip the diesel
engine with the sensor, the bracket 2 (see Fig. 2, b) and the pulley hold-down bolt 4 were
used. As the 21214-1005060-40 pulley and the tested engine's standard crankshaft pulley
were of different sizes, two pulleys had to be used together, which implied
manufacturing an increased length bolt. Copper washers were foreseen for the
adjustment of the clearance between the sensor 1 and the teeth of the balancer pulley 3.

In order to connect the sensor to the oscillograph, the switching circuit connecting
the sensor and the ZETLab measurement module was designed and assembled by
soldering in the SB. To ensure a reliable signal, the maximum possible clearance
between the sensor and the teeth of the balancer pulley that provided a dependable signal
was established experimentally.

Prior to fixing the balancer pulley, it was necessary to ensure that its missing tooth
was against the sensor at the moment, when the pistons of the first and fourth cylinders
were at their top dead centres (TDC). The TDC was determined with the use of a dial
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indicator with the cylinder head removed from the engine, while the correct position of
the balancer pulley with its missing tooth against the CSPS was found by simultaneously
rotating the crankshaft and watching the oscillogram on the PC. As soon as the signal
oscillogram crossed the X-axis in the area of the missing tooth in correspondence with
the TDC mark, the balancer pulley 3 was fixed with the hold-down bolt 4 (see Fig. 2, b).

In order to ensure the correct operation of the -5542 test
bed, it was necessary to carry out its calibration. For the calibration of the weighing
system, a gauging arm and a set of standard scale weights were used. A scale weight was
put on the free end of the gauging arm and
pointer by one scale division value was fixed. Then greater scale weights were put on
and the further pointer deflections were fixed. The scale weight that weighed 1 kg had

one kilogramme mark on the dial. If the
pointer deflections did not coincide with the marks corresponding to the weights put on

-graduated. After gauging the
dial clockwise, it was gauged counter-clockwise as well.

After calibrating the measuring mechanisms, the standard tachometer and the
electronic scales, the installed transducers were calibrated.

The gas pressure transducer was gauged with the use of a compressor with a
pressure gauge. As a result of the gauging, the relation between the measured voltage
and the gas pressure had been established.

The signal received from the CSPS could be converted into the crankshaft
ometer under

ZETLab interface, then, in the opened dialog box
Revolutions CSPS signal. After that, the

rpm values obtained by the electronic means were verified with the use of a hand
tachometer. In case the readings disagreed, correction factors had to be input into the
electronic tachometer settings.

The calibration of the MAF sensor was carried out in the heat engineering
laboratory in the ICE and AFR department of the VNAU with the use of the unit for
measurement of the isochoric heat capacity of air that comprised a differential pressure
gauge and a fan. After connecting the MAF sensor with the fan in sequence, so as to
make the whole flow of the air taken into the unit to pass through the sensor, the sensor
could be gauged. As a result of the calibration of the sensor, a gauging characteristic of
the relation between the measured voltage and the mass of air passing through the sensor
in a unit time was obtained.

The calibration of the thermoelectric couples was done by immersing them into a
container with vegetable oil. The oil temperature was changed with the use of a heat
source. A mercury-filled thermometer with a dial that had its upper limit at a level of at
least 300 °C was used for measuring the oil temperature variation. As a result, a gauging
characteristic of the measured voltage variation as a function of the temperature was
obtained.

The transducers for recording the operation parameters of the fuel supply system
were calibrated with the use of the -3333 fuel nozzle check-out test bed. In order to
place the VIKA transducer on the centre line of the fuel flow, a T-joint was
manufactured, which connected the fuel injection line, the nozzle and the sensor. As a
result, a gauging characteristic of the relation between the measured voltage and the fuel
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consumption, on which a graduated cylinder is placed for measuring the volume
consumption of fuel.
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pressure was obtained. The pressure transducer from the Delfin-1M was not calibrated.
It was used for correlation of the signal from the VIKA sensor.

In the process of calibration, all the sensors were connected to the ZETLab
measurement module and their signals were displayed on the electronic oscillograph.
For that purpose, a circuit was developed for connecting the sensors with due
consideration of the need to supply power to them. All the transducer power supply and
switching circuits were soldered together on one motherboard installed in the SB.

Prior to starting the engine indication, it was also necessary to synchronize the
signals received from the gas pressure transducers and the CSPS. For the synchronization

ZETLab interface, then the respective channels were selected, the required adjustments
were made and the oscillograms of the said signals were started. In order to generate the
signals, the crankshaft was rotated by the electric machine, while the supply of fuel to
the diesel engine was stopped. The maximum value of the signal from the gas pressure
transducer had to coincide with the moment, when the signal from the CSPS sensor
crossed the X-axis in the area of the missing tooth, which corresponded to the TDC. In
case the maximum pressure did not coincide with TDC, it was necessary to loosen the
bolt 4 (Fig. 1, b)) and adjust the position of the balancer pulley 3 with regard to the
position of the crankshaft, then tighten the bolt.

Procedure of experiment
For obtaining the indicator diagram, the electronic oscillograph is set to operate

with seven measurement channels in order to be able to receive signals from all the
above-mentioned sensors. The engine is started and warmed up until the temperature of
the cooling fluid in the cooling system reaches 50 °C, then it is set to its rated operating
duty. For that purpose, the fuel injection pump governor control arm is brought to the
position of the maximum fuel supply rate. After the engine crankshaft reaches the
maximum revolution rate, the electric machine 10 (Fig. 2, b) is switched on and the
electrodes of the rheostat 1 are immersed into the electrolyte, thus increasing the load on
the diesel engine. Under these conditions, the rotation frequency of the crankshaft will
go down. After reaching a revolution rate of n = 2,200 min-1 and the maximum possible
load for that frequency, the immersion of the electrodes is stopped. At this stage, the
engine is under its rated duty. After reaching the rated duty, it is necessary to check
whether the operating conditions have stabilised. The conclusion about the stabilization
of the reached conditions can be made on the basis of the indications of the
thermoelectric couples. The stabilised indications of the thermocouples represent the
stabilised exhaust gas temperature, which implies the stabilised engine load conditions.
In case the load conditions change during the stabilization of the thermal conditions, that
can be adjusted by manually turning the electrode immersion motor reducer with the use
of the special hand wheel. The stable rated operating duty is considered to be established,
when the load and speed and thermal parameters become constant.

After the engine has reached its rated operating duty, the fuel consumption rate is
to be measured. For that purpose, the time, in which the mass of the fuel is reduced by
100 g according to the readings of the electronic scales, is measured with the use of a
stop watch. Also, the readings of the weighing system pointer in kg are registered. When
the fuel consumption rate is measured, the start and the end of the experiment are
recorded from the time scale of the oscillograph.
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After the experiment is completed, the marked interval of the oscillogram is saved
in the memory.

RESULTS AND DISCUSSION

Mathematical model
Substituting the formulae (3 7, 16 19) into the expression (2), the following

equation is obtained:
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In order to simplify the notation, the following coefficients are introduced in the
formula (20):

zz1
, (21)

. (22)
Thereby, the following is obtained:

12

(23)

where k1, k2 simplification coefficients representing the position of the piston at the
point z of the indicator diagram and the polytropic index of expansion less unity
respectively.

With the use of the formula (23), the rated power can be determined for the two
typical duties of the engine the rated duty and the maximum torque duty. As regards
the other duties of the engine, they require applying the method of calculation, in which
the empirical cubic trinomial equation (1) is used. The equation can be written out in the
following form (Komakha & Ryaboshapka, 2016):

(24)



123

873

pressure was obtained. The pressure transducer from the Delfin-1M was not calibrated.
It was used for correlation of the signal from the VIKA sensor.

In the process of calibration, all the sensors were connected to the ZETLab
measurement module and their signals were displayed on the electronic oscillograph.
For that purpose, a circuit was developed for connecting the sensors with due
consideration of the need to supply power to them. All the transducer power supply and
switching circuits were soldered together on one motherboard installed in the SB.

Prior to starting the engine indication, it was also necessary to synchronize the
signals received from the gas pressure transducers and the CSPS. For the synchronization

ZETLab interface, then the respective channels were selected, the required adjustments
were made and the oscillograms of the said signals were started. In order to generate the
signals, the crankshaft was rotated by the electric machine, while the supply of fuel to
the diesel engine was stopped. The maximum value of the signal from the gas pressure
transducer had to coincide with the moment, when the signal from the CSPS sensor
crossed the X-axis in the area of the missing tooth, which corresponded to the TDC. In
case the maximum pressure did not coincide with TDC, it was necessary to loosen the
bolt 4 (Fig. 1, b)) and adjust the position of the balancer pulley 3 with regard to the
position of the crankshaft, then tighten the bolt.

Procedure of experiment
For obtaining the indicator diagram, the electronic oscillograph is set to operate

with seven measurement channels in order to be able to receive signals from all the
above-mentioned sensors. The engine is started and warmed up until the temperature of
the cooling fluid in the cooling system reaches 50 °C, then it is set to its rated operating
duty. For that purpose, the fuel injection pump governor control arm is brought to the
position of the maximum fuel supply rate. After the engine crankshaft reaches the
maximum revolution rate, the electric machine 10 (Fig. 2, b) is switched on and the
electrodes of the rheostat 1 are immersed into the electrolyte, thus increasing the load on
the diesel engine. Under these conditions, the rotation frequency of the crankshaft will
go down. After reaching a revolution rate of n = 2,200 min-1 and the maximum possible
load for that frequency, the immersion of the electrodes is stopped. At this stage, the
engine is under its rated duty. After reaching the rated duty, it is necessary to check
whether the operating conditions have stabilised. The conclusion about the stabilization
of the reached conditions can be made on the basis of the indications of the
thermoelectric couples. The stabilised indications of the thermocouples represent the
stabilised exhaust gas temperature, which implies the stabilised engine load conditions.
In case the load conditions change during the stabilization of the thermal conditions, that
can be adjusted by manually turning the electrode immersion motor reducer with the use
of the special hand wheel. The stable rated operating duty is considered to be established,
when the load and speed and thermal parameters become constant.

After the engine has reached its rated operating duty, the fuel consumption rate is
to be measured. For that purpose, the time, in which the mass of the fuel is reduced by
100 g according to the readings of the electronic scales, is measured with the use of a
stop watch. Also, the readings of the weighing system pointer in kg are registered. When
the fuel consumption rate is measured, the start and the end of the experiment are
recorded from the time scale of the oscillograph.

874

After the experiment is completed, the marked interval of the oscillogram is saved
in the memory.

RESULTS AND DISCUSSION

Mathematical model
Substituting the formulae (3 7, 16 19) into the expression (2), the following

equation is obtained:

.
30

11
1

1

cos11cos1
2

1111

1

cos11cos1
2

11

cos11cos1
2

1
1120

1

2

1

11

2

2

Snba
n

n

p
ppinSDN

n

n

zz

zz

zz
c

zc

en
e

(20)

In order to simplify the notation, the following coefficients are introduced in the
formula (20):

zz1
, (21)

. (22)
Thereby, the following is obtained:

12

(23)

where k1, k2 simplification coefficients representing the position of the piston at the
point z of the indicator diagram and the polytropic index of expansion less unity
respectively.
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where , , empirical coefficients depending on the types of engine and fuel;
engine power rating [kW]; current value of the rate of revolution of the

engine crankshaft [min-1]; rated revolutions of the crankshaft [min-1].

by the known expression:
(25)

he effective specific fuel consumption is determined by the formula:
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where cyclic fuel injection rate [g cycle-1].
The following relation exists between the volume and mass rates of the cyclic

injection:
, (27)

where cyclic fuel injection rate [mm3 cycle-1]; f density of the fuel [kg m-3].
Thus, the relation (27) defines the cyclic fuel injection rate depending on the fuel

density. The relation can be used in practical calculations in case of switching to another
biofuel with a different density as compared to the standard diesel fuel (Osetrov, 2005).

After substituting the formula (23) into the equation (26), while taking into account
(27), the following equation for determining the specific fuel consumption is obtained:
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The formula (28) allows determining the specific fuel consumption at the two
typical engine duties the rated duty and the maximum torque duty. For calculating the
specific fuel consumption at other load and revolution duties of the engine, the method
of calculation based on the empirical equation can be used:

, (29)

where D, E, G empirical coefficients that depend on the type of engine and the fuel
type.

The hourly fuel flow rate (Heywood, 1988; Merker et al., 2012a,b):
(30)

Thereby, the equations (21 25, 28 30) represent a mathematical model for the
calculation of the external control characteristic, the analysis of which allows evaluating
the operating efficiency of the engine, while the indices f, pc, pz, z, z, and the
coefficients , , C, D, E, G vary depending on the type of fuel and have an effect on
the performance parameters Ne, Me, ge, Gf.

In order to determine the parameters pc, pz, z, z, it is necessary to take under
consideration the work processes in the engine cylinder, in particular, the combustion
process.
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The pressure in the engine cylinder during the compression process changes
according to the polytropy relation:

1

, (31)

where pa pressure at the end of the intake [MPa],
engine, i.e. a naturally aspirated engine, is determined as the following difference:

, (32)
where atmosphere pressure [MPa]; loss of pressure at intake due to intake
system resistance and decrease of the charge velocity in the cylinder [MPa], which with
some allowance can be determined from the Bernoulli equation:
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where coefficient of charge velocity decrease in the cylinder cross-section under
consideration; coefficient of the
cross-section; mean charge velocity at the smallest cross-section of the intake
system [m s-1]; density of the charge at the inlet (in case of a naturally aspirated
engine density of the atmospheric air) [kg m-3].

The velocity can be found using the formula:
2

22

in
in

. (34)

where area of the smallest cross-section in the intake system, which corresponds to

the use of the formula:
)coscos( 2

vvvvnvin hdhf , (35)
where intake valve stroke [m]; intake port throat diameter [m]; valve seat
angle [rad].

The density of the atmospheric air depends on the absolute temperature T0 [K] and
pressure [MPa] of the ambient air and is found from the known formula (Heywood,
1988):

(36)

where specific gas constant of air [J (kg K)-1].
On the other hand, there is a formula for the density of the air charge fed into the

cylinder obtained in the technique by Pyadichev (1989):

3

1.29
1 3.665 10 273a T (37)

where air density [kg m-3] and air temperature [K] at the end of the intake stroke
(point of the indicator diagram of the engine).

The formula (37) is of practical interest, since it requires changing only one
parameter, i.e. the temperature , to determine the density of the charge.
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The formula (28) allows determining the specific fuel consumption at the two
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specific fuel consumption at other load and revolution duties of the engine, the method
of calculation based on the empirical equation can be used:
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the performance parameters Ne, Me, ge, Gf.

In order to determine the parameters pc, pz, z, z, it is necessary to take under
consideration the work processes in the engine cylinder, in particular, the combustion
process.
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cylinder obtained in the technique by Pyadichev (1989):
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where air density [kg m-3] and air temperature [K] at the end of the intake stroke
(point of the indicator diagram of the engine).

The formula (37) is of practical interest, since it requires changing only one
parameter, i.e. the temperature , to determine the density of the charge.
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density at the beginning of the intake, i.e. the atmospheric air density, if the temperature
is replaced with the temperature . In order to verify the suggested replacement, it

is necessary to check the relation between the formulae (36) and (37).
First, the temperature in the formula (36) is substituted by the following

expression:
(38)

where 273.15 Kelvin scale temperature equal to 0 centigrade; difference
between the ambient temperature and zero centigrade [°C].

After the values of the pressure and the gas constant of the air corresponding to
normal atmospheric conditions, i.e. p0 = 0.101325 MPa, Ra = 287 J (kg K)-1, are
substituted into the formula (36) and the expression (38) is taken into account, the
following is obtained:

6 6
0

0
0 0

10 0.101325 10 353.05 .
287 273.15 273.15a

p
R (39)

After factoring the coefficient 273.15 out from the denumerator of the formula (39),
the following expression is arrived at:

(40)

In the formula (40), the coefficient 1.2925 represents the density value 0 [kg m-3]
at 0 ° coefficient 3.661·10-3 K-1 is a quantity per degree of absolute temperature
(the difference that takes account of the effect the temperature variation by one degree
has on the air density).

Hence, the known formula (36) and the formula (37) proposed by Pyadichev (1989)
can be equated and written in the following form:

(41)

The obtained formula takes into account the effect of the ambient temperature on
the air density, but it leaves out of account the effect of the atmospheric air pressure on
it. For that reason, the authors suggest improving the formula (41) by means of
introducing the coefficients that take into consideration the deviation of the atmospheric
pressure from its value (101,325 Pa) that corresponds to the normal (standard)
atmospheric conditions:

1
0

0 3
0

, (42)

where 9.869233 MPa-1 quantity per MPa of the atmospheric pressure at normal
conditions; 1.01325·10-1 = pressure difference that takes account of the
effect the deviation of the pressure from its normal value has on the air density).

Thus, the formula (42) can be used for the practical calculation of the intake charge
density for a naturally aspirated diesel engine taking into account the effect of the
ambient air pressure and temperature on it, which in its turn has effect on the
performance parameters of the engine.

878

Hence, through the use of the formulae (31 35), (42), it becomes possible to model
the polytropic curve of compression of the engine, which allows analysing the quality of
the work process in the engine cylinder. Also, that enables assessing the adequacy of the
mathematical model by comparing the modelled and experimental polytropic curves of
compression.

The next important process, the parameters of which have effect on the performance
indices of the engine, is the combustion process.

The authors suggest modelling the variation of the pressure during the working
medium expansion as a result of combustion with the use of the relation proposed by
Pyadichev (1989):

V
TRV

p
310 , (43)

where current volume of the working medium [mol]; R absolute gas constant,
R = 8.314 kJ (kmol K)-1; T temperature of the gases in the cylinder [K].

The current volume of the working medium has to be determined taking into
account the quantity of moles of the intake charge and the molecular change of the
working medium (Merker et al., 2012b):
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m xV M

mn
(44)

where quantity of air charge [mol] at the end of the intake stroke;
, quantities of the hydrogen and carbon molecules in the fuel, respectively;
fraction of the fuel burnt out in the combustion process; excess air factor.

The quantity of air charge is determined with the use of the formula:
(45)

where quantity of intake air charge [mol] fed into the cylinder; coefficient of
residual gas.

The quantity of air intake charge fed into the cylinder can be found with the use of
the formula:

mix

ovhVM1
, (46)

where cylinder displacement; volumetric efficiency factor; current
molecular mass of the gas mixture, which changes as a result of combustion of the fuel.

The formulae (44 46) can be used to refine the formula by Pyadichev (1989) for
determining the current volume of the working medium used in the operating duty cycle:

(47)
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Hence, the known formula (36) and the formula (37) proposed by Pyadichev (1989)
can be equated and written in the following form:

(41)

The obtained formula takes into account the effect of the ambient temperature on
the air density, but it leaves out of account the effect of the atmospheric air pressure on
it. For that reason, the authors suggest improving the formula (41) by means of
introducing the coefficients that take into consideration the deviation of the atmospheric
pressure from its value (101,325 Pa) that corresponds to the normal (standard)
atmospheric conditions:

1
0

0 3
0

, (42)

where 9.869233 MPa-1 quantity per MPa of the atmospheric pressure at normal
conditions; 1.01325·10-1 = pressure difference that takes account of the
effect the deviation of the pressure from its normal value has on the air density).

Thus, the formula (42) can be used for the practical calculation of the intake charge
density for a naturally aspirated diesel engine taking into account the effect of the
ambient air pressure and temperature on it, which in its turn has effect on the
performance parameters of the engine.
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Hence, through the use of the formulae (31 35), (42), it becomes possible to model
the polytropic curve of compression of the engine, which allows analysing the quality of
the work process in the engine cylinder. Also, that enables assessing the adequacy of the
mathematical model by comparing the modelled and experimental polytropic curves of
compression.

The next important process, the parameters of which have effect on the performance
indices of the engine, is the combustion process.

The authors suggest modelling the variation of the pressure during the working
medium expansion as a result of combustion with the use of the relation proposed by
Pyadichev (1989):

V
TRV

p
310 , (43)

where current volume of the working medium [mol]; R absolute gas constant,
R = 8.314 kJ (kmol K)-1; T temperature of the gases in the cylinder [K].

The current volume of the working medium has to be determined taking into
account the quantity of moles of the intake charge and the molecular change of the
working medium (Merker et al., 2012b):
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where quantity of air charge [mol] at the end of the intake stroke;
, quantities of the hydrogen and carbon molecules in the fuel, respectively;
fraction of the fuel burnt out in the combustion process; excess air factor.

The quantity of air charge is determined with the use of the formula:
(45)

where quantity of intake air charge [mol] fed into the cylinder; coefficient of
residual gas.

The quantity of air intake charge fed into the cylinder can be found with the use of
the formula:

mix

ovhVM1
, (46)

where cylinder displacement; volumetric efficiency factor; current
molecular mass of the gas mixture, which changes as a result of combustion of the fuel.

The formulae (44 46) can be used to refine the formula by Pyadichev (1989) for
determining the current volume of the working medium used in the operating duty cycle:

(47)
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The volumetric efficiency factor is found with the use of the formula (Merker et al.,
2012b):
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where coefficient of the additional charging of the cylinder due to the valve
overlapping; coefficient of cylinder purging; residual gas pressure [MPa];

temperature of air charge preheating at the intake [K].
Coefficient of residual gas (Merker et al., 2012a):

(49)

The current molecular mass of the gas mixture (working medium) in the cylinder
can be found using the formula (Pyadichev, 1989):
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The excess air factor is determined with the use of the formula:
, (51)

where theoretical air quantity needed for the combustion of one kilogramme of fuel.
The quantity of moles of intake air charge can be determined using the following

formula:
. (52)

The next step is to substitute formulae (9, 27, 52,) into (51) with due account for
the known stoichiometric relations (Deviatin et al., 2007). Then, introducing the
simplification coefficients, the following refined formula for determining the excess air
factor is obtained:

(53)

where , simplification coefficients representing the product of the coefficient of
additional charging by the compression ratio and the effect of the main parameters of the
crank-and-rod mechanism, gas distribution mechanism and the ambient air parameters
on the process of the cylinder filling, respectively; C, H, S, O composition of the fuel
in unit fractions representing carbon, hydrogen, sulphur and oxygen, respectively.

The coefficients and can be determined using the formulae:
, (54)
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Thus, the formulae (43), (47 50), (53 55) make it possible to model the part of the
indicator diagram that represents the process of combustion in the engine cylinder.

Results of  experimental and mathematical simulation study
The duration of the laboratory experiment, in which the fuel consumption rate

under the rated duty is measured, is usually equal to t = 20 s and can be expressed in
cycles with the use of the following formula:

(56)

After the values at a revolution rate of n = 2,200 min-1 are substituted into the
formula (56), the following is obtained:

Within that time, the oscillograph records 366 full cycles, i.e. the data for 366
indicator diagrams.

Further, the data obtained from the gas pressure gauge and the CSPS are saved for
the consequent processing in the tabular format. The data are processed in the Microsoft
Excel electronic spreadsheet environment.

First, the values on the scale are converted from the time into the degrees of turn
of the crankshaft with the use of the formula:

= 6· . (57)

It should be noted that varies from 0 to 720°, starting from the zero mark of the
crankshaft (the piston of the fourth cylinder is at its TDC, at the end of the exhaust
stroke). The zero mark corresponds to the moment when the signal of the CSPS sensor
crosses the X-axis in the area of the missing tooth on the balancer pulley. Hence, the
variation of the indicator on the axis of abscissae is of the cyclic type.

Thereafter, the signal received from the gas pressure gauge is converted from mV
into MPa, using for that purpose the gauging characteristic that was obtained earlier.

The further processing of the experimental data is carried out in accordance with
the procedure described in the paper (Johnson & Leone, 1977; Slavinskas et al., 2018).
For all the 366 cycles the arithmetical mean values are found and, consequently, a single
indicator diagram is obtained, which is cropped leaving only the 300° 430° range,
because only the processes of compression and expansion as well as the combustion
process are of greater importance for the analysis of the operating duty cycle efficiency.

The next step is to estimate the random error value using for that purpose the root-
mean-square deviation , the variance . Further, the gross errors are excluded from
the experimental data by using the method of the maximum and minimum possible
measurement values in the sequence under consideration. In case two or more blunders
are revealed, the experiment has to be repeated.

As a result, the following indicator diagram for diesel fuel has been obtained
(Fig. 3, the solid line).

A similar indicator diagram is presented for the type of engine under consideration

experimental study.
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The volumetric efficiency factor is found with the use of the formula (Merker et al.,
2012b):
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Thus, the formulae (43), (47 50), (53 55) make it possible to model the part of the
indicator diagram that represents the process of combustion in the engine cylinder.

Results of  experimental and mathematical simulation study
The duration of the laboratory experiment, in which the fuel consumption rate

under the rated duty is measured, is usually equal to t = 20 s and can be expressed in
cycles with the use of the following formula:
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After the values at a revolution rate of n = 2,200 min-1 are substituted into the
formula (56), the following is obtained:

Within that time, the oscillograph records 366 full cycles, i.e. the data for 366
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Further, the data obtained from the gas pressure gauge and the CSPS are saved for
the consequent processing in the tabular format. The data are processed in the Microsoft
Excel electronic spreadsheet environment.
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It should be noted that varies from 0 to 720°, starting from the zero mark of the
crankshaft (the piston of the fourth cylinder is at its TDC, at the end of the exhaust
stroke). The zero mark corresponds to the moment when the signal of the CSPS sensor
crosses the X-axis in the area of the missing tooth on the balancer pulley. Hence, the
variation of the indicator on the axis of abscissae is of the cyclic type.

Thereafter, the signal received from the gas pressure gauge is converted from mV
into MPa, using for that purpose the gauging characteristic that was obtained earlier.

The further processing of the experimental data is carried out in accordance with
the procedure described in the paper (Johnson & Leone, 1977; Slavinskas et al., 2018).
For all the 366 cycles the arithmetical mean values are found and, consequently, a single
indicator diagram is obtained, which is cropped leaving only the 300° 430° range,
because only the processes of compression and expansion as well as the combustion
process are of greater importance for the analysis of the operating duty cycle efficiency.

The next step is to estimate the random error value using for that purpose the root-
mean-square deviation , the variance . Further, the gross errors are excluded from
the experimental data by using the method of the maximum and minimum possible
measurement values in the sequence under consideration. In case two or more blunders
are revealed, the experiment has to be repeated.

As a result, the following indicator diagram for diesel fuel has been obtained
(Fig. 3, the solid line).

A similar indicator diagram is presented for the type of engine under consideration

experimental study.
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After the experiment with diesel fuel is completed, the fuel in the test bed tank is
replaced by biodiesel fuel, then the engine is run idle for some time in order to consume
the diesel fuel remaining in the fuel supply system and switch to the operation of the
engine completely on RSOME. The signs of the complete transition are a certain
reduction of the engine operation loudness and the emergence of the specific aroma of
the exhaust gas. It has been experimentally established that the time for the complete
changeover to the operation with biofu
crankshaft revolution rate of n = 1,500 min-1 is equal to 20 min (Ilves et al., 2017).

Then the similar experiment is carried out with the use of RSOME biofuel.
The results of the experiment with the use of biofuel have been processed following

the procedure described earlier in the paper.
Having completed the processing procedure, the indicator diagram for biofuel

operation has been obtained (Fig. 3, dot line).

a) b)

Figure 3. Relation between gas pressure in cylinder p and angular displacement of engine
crankshaft : a) experimental data for operation with: diesel fuel; biodiesel
fuel; b) for operation with diesel fuel: experimental analytical.

Engine performance parameters are present in Table 2. Differences between the
biodiesel power data of model and experimental test is approximately 2.7%. The
accuracy is a similar for the all calculated data in Table 2.

Table 2.

Indicator
Diesel
fuel,
model

Diesel fuel, experiment Biodiesel
fuel,
model

Biodiesel
fuel,
experiment

Special condition
(p0 = 0.098 MPa,

0 = 273 )

Standard condition
(p0 = 0.101 MPa,

0 = 273 )
Ne, kW 49.62 50.61 55.61 50.60 52.01
pe, MPa 0.57 0.581 0.639 0.581 0.597
Me, Nm 215.4 219.7 241.4 219.6 225.8
ge, g (kWh)-1 248.0 243.1 245.6 253.3 245.4

1.61 1.61 1.67 1.79 1.79

Crank Angle, [degree] Crank Angle, [degree]
320     340 360 380 400 420 300   320 340 360 380   400   420
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0
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The value of the gas temperature in the cylinder is found on the basis of the
formula (43):

x
3
. (58)

The values of the gas
temperature in the cylinder

obtained by analysing the
indicator diagram are substituted
into the formula (43) of the
mathematical model.

In Fig. 4, the temperatuure
change with diesel and biodiesel
fuel is calcualted. The temperature
of the biodiesel combustion in
cylinder is higher as it is with diesel
fuel. The results are realistics
because the biodiesel combustion
is carry out on leaner mixture
(relative air/fuel ratio is 1.79).

Figure 4. Temperature change in engine cylinder
depending on crankshaft rotation angle.
Temperatuuri T muutumise dünaamika mootori
silindris olenevalt väntvõlli pöördenurgast

: diesel fuel; biodiesel fuel.

Opportunities for synthesis of indicator diagram.
In order to determine the amount of the burnt out fuel , it is necessary to synthesise

the indicator diagram. After synthesising the indicator diagram, the combustion curve
= f( ) can be obtained.

For synthesising the indicator diagram, the equation (Merker et al., 2012a) can be
used:

wfc Qd
d
dxQGdQ (59)

where dQ elementary quantity of heat supplied to the working medium in the
cylinder [J]; QH lower calorific value [J kg 1]; combustion rate [deg 1];

increment of the angular displacement of the crankshaft in a time of
;

w
elementary quantity of heat transferred from the working medium into the

cylinder wall [J]:
, (60)

where heat-transfer coefficient; F cylinder bore area; cylinder wall
temperature.

The obtained equation represents the differential of the quantity of heat removed
into the cylinder wall with respect to time, i.e. the rate of the energy loss due to the
transfer of heat from the gas to the wall.

Crank Angle, [degree]

2,100

1,800

1,500

1,200

900
360            380            400           420
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After the experiment with diesel fuel is completed, the fuel in the test bed tank is
replaced by biodiesel fuel, then the engine is run idle for some time in order to consume
the diesel fuel remaining in the fuel supply system and switch to the operation of the
engine completely on RSOME. The signs of the complete transition are a certain
reduction of the engine operation loudness and the emergence of the specific aroma of
the exhaust gas. It has been experimentally established that the time for the complete
changeover to the operation with biofu
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Having completed the processing procedure, the indicator diagram for biofuel

operation has been obtained (Fig. 3, dot line).
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Engine performance parameters are present in Table 2. Differences between the
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accuracy is a similar for the all calculated data in Table 2.
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The value of the gas temperature in the cylinder is found on the basis of the
formula (43):

x
3
. (58)

The values of the gas
temperature in the cylinder

obtained by analysing the
indicator diagram are substituted
into the formula (43) of the
mathematical model.
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change with diesel and biodiesel
fuel is calcualted. The temperature
of the biodiesel combustion in
cylinder is higher as it is with diesel
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because the biodiesel combustion
is carry out on leaner mixture
(relative air/fuel ratio is 1.79).
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silindris olenevalt väntvõlli pöördenurgast

: diesel fuel; biodiesel fuel.

Opportunities for synthesis of indicator diagram.
In order to determine the amount of the burnt out fuel , it is necessary to synthesise

the indicator diagram. After synthesising the indicator diagram, the combustion curve
= f( ) can be obtained.

For synthesising the indicator diagram, the equation (Merker et al., 2012a) can be
used:

wfc Qd
d
dxQGdQ (59)

where dQ elementary quantity of heat supplied to the working medium in the
cylinder [J]; QH lower calorific value [J kg 1]; combustion rate [deg 1];

increment of the angular displacement of the crankshaft in a time of
;

w
elementary quantity of heat transferred from the working medium into the

cylinder wall [J]:
, (60)

where heat-transfer coefficient; F cylinder bore area; cylinder wall
temperature.

The obtained equation represents the differential of the quantity of heat removed
into the cylinder wall with respect to time, i.e. the rate of the energy loss due to the
transfer of heat from the gas to the wall.

Crank Angle, [degree]

2,100

1,800

1,500

1,200

900
360            380            400           420



132

883

The energy loss rate can be transformed into the function of the crankshaft rotation
angle (Heywood, 1988):

, (61)

Taking into account the (61), the equation (59) can be written in the differential
form:

wfc
, (62)

On the basis of the obtained equation (62), the burnt out fuel amount differential dx
can be expressed as follows:

. (63)

dQ can be found using the first law of thermodynamics (Merker et al., 2012a):
dUdVpdQ , (64)

where p·dV work for changing the volume [J]; c [J].
In order to determine the elementary volume dV in the formula (64), the following

property of differentials in approximate analysis can be applied:
, (65)

where increment of the cylinder volume function, which is determined by the
formula (16) for an arbitrary point on the indicator diagram in relation to the
angular displacement .

The change of internal energy dU can be determined by the formula (Romanov,
2010; Semyonov & Ryaboshapka, 2013):

8314
VpmCddU Vm , (66)

where average heat capacity of the working medium at a constant volume
[kJ kg 1 1], which is represented by the following linear function in the paper
(Romanov, 2010):

, (67)
where t and t1

combustion gases in the work process under consideration; the coefficients and
for an interval of the final temperatures (t1 t2) of the combustion gases in the internal
combustion engine are determined with the use of the following expressions for 1:
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The values for the fraction of burnt out fuel in the formulae (47), (50) for the
engine under consideration have been determined with the use of the formulae (59) (68)
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and are presented in the papers (Romanov, 2010; Semyonov & Ryaboshapka, 2013) in
the form of fuel combustion (heat generation) characteristic curves.

In Fig. 3, two indicator diagrams are shown: 1) experimentally obtained indicator

and 2) indicator diagram calculated with the use of the mathematical model under
consideration (marker line).

As is seen from the figure, the mathematical model provides a close approximation
of the experimental indicator diagram by the calculated one. Therefore, the described
model can be considered adequate and used for modelling the work process in the

By analysing the indicator diagram (Fig. 3), it is possible to obtain the parameters
pc, pz, z, z, which specify the course of the work process in the engine cylinder and
determine the work of the working medium done in one cycle. Hence, these parameters
have effect also on the operating efficiency of the engine. As the operating efficiency of
the engine is laid down already at the stage of its design calculation and engineering, all
the parameters involved in the discussed mathematical model (parameters of design,
duty etc.) can be assumed as not depending on the technical condition of the engine, but
corresponding to the performance data specified by the manufacturer. Subsequently, it
would be reasonable to suggest that in case of using bio-diesel fuel, the parameters that
depend on the fuel properties change and, accordingly, the operating efficiency of the
engine also changes.

In view of the aforesaid, it is reasonable to consider the problem of determining the
efficiency of the engine from the point of view of determining the efficiency of the fuel
utilisation, that is, the statement of problem becomes as follows: how does the operating
efficiency of the engine change, when the type of fuel changes?

The formula (28) of the mathematical model refers to the efficient performance

while the parameters C, H, S, O and f vary depending on the type of fuel.

CONCLUSIONS

1.
performance indices and operating duty cycle performance and to estimate the efficiency
of its operation and the efficiency of fuel utilisation, including the use of bio-diesel fuel,
has been developed.

2. The formula for the calculation of fresh air charge density introduced by
Pyadichev (1989) has been refined and applied for determining the density of the
atmospheric air fed into the engine cylinder. The refined formula (42) is suitable for
practical calculations, since it takes into account the temperature and pressure of the

output in case of deviation from standard conditions.
3. The formula for the calculation of the excess air factor has been refined. The

refined formula (53) takes into account the design parameters of the crank-and-rod
mechanism and the gas distribution mechanism, the ambient air parameters etc., which
have effect on the process of the cylinder filling, the composition of the fuel and its
density and cyclic injection rate.
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The energy loss rate can be transformed into the function of the crankshaft rotation
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duty etc.) can be assumed as not depending on the technical condition of the engine, but
corresponding to the performance data specified by the manufacturer. Subsequently, it
would be reasonable to suggest that in case of using bio-diesel fuel, the parameters that
depend on the fuel properties change and, accordingly, the operating efficiency of the
engine also changes.

In view of the aforesaid, it is reasonable to consider the problem of determining the
efficiency of the engine from the point of view of determining the efficiency of the fuel
utilisation, that is, the statement of problem becomes as follows: how does the operating
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2. The formula for the calculation of fresh air charge density introduced by
Pyadichev (1989) has been refined and applied for determining the density of the
atmospheric air fed into the engine cylinder. The refined formula (42) is suitable for
practical calculations, since it takes into account the temperature and pressure of the

output in case of deviation from standard conditions.
3. The formula for the calculation of the excess air factor has been refined. The

refined formula (53) takes into account the design parameters of the crank-and-rod
mechanism and the gas distribution mechanism, the ambient air parameters etc., which
have effect on the process of the cylinder filling, the composition of the fuel and its
density and cyclic injection rate.
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4. The formula for the calculation of the effective power of the engine at its rated
duty based on the well-known Grinevetsky Mazing equation for determining the work
in the composite Diesel cycle has been refined. The refined formula (23) takes into
account the kinematic parameters of the crank-and-rod mechanism as well as the
parameters of the diesel engine operating duty cycle.

5. The formula for the calculation of the effective specific fuel consumption, which
allows to evaluate the operating efficiency of the engine taking into account the type of
the fuel, has been refined. The refined formula (28) takes into account the density and
cyclic injection rate of the fuel, which provides for estimating the efficiency of operating
the engine on biomass fuel.

6. The analysis of the indicator diagrams (Fig. 3) has proved that the mathematical
model provides close agreement between the calculated data and the results of the
experiments. The difference between the experimentally obtained and calculated values
of the parameters is equal to: for 0.1%, for 0.77%, which makes reasonable
using the mathematical model under consideration for the comparative calculation of the
operating duty cycle parameters of the engine run on diesel and bio-diesel fuels.

7. Thus, the obtained mathematical model allows obtaining the values of the
effective parameters of operation of the engine with a sufficient degree of accuracy and
evaluating the efficiency of use of bio-diesel fuel by means of calculation and analysis.
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4. The formula for the calculation of the effective power of the engine at its rated
duty based on the well-known Grinevetsky Mazing equation for determining the work
in the composite Diesel cycle has been refined. The refined formula (23) takes into
account the kinematic parameters of the crank-and-rod mechanism as well as the
parameters of the diesel engine operating duty cycle.

5. The formula for the calculation of the effective specific fuel consumption, which
allows to evaluate the operating efficiency of the engine taking into account the type of
the fuel, has been refined. The refined formula (28) takes into account the density and
cyclic injection rate of the fuel, which provides for estimating the efficiency of operating
the engine on biomass fuel.

6. The analysis of the indicator diagrams (Fig. 3) has proved that the mathematical
model provides close agreement between the calculated data and the results of the
experiments. The difference between the experimentally obtained and calculated values
of the parameters is equal to: for 0.1%, for 0.77%, which makes reasonable
using the mathematical model under consideration for the comparative calculation of the
operating duty cycle parameters of the engine run on diesel and bio-diesel fuels.

7. Thus, the obtained mathematical model allows obtaining the values of the
effective parameters of operation of the engine with a sufficient degree of accuracy and
evaluating the efficiency of use of bio-diesel fuel by means of calculation and analysis.
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Abstract. An internal combustion engine consumes a maximum of a quarter of the energy that is fed into it in the 
form of fuel. Most of the useful energy leaves the engine in the form of heat energy, specifically as exhaust gases. 
In addition, exhaust gases contain a number of harmful components, which can be significantly reduced by 
improving the efficiency of the combustion process. The aim of this article is, firstly, to provide an overview of 
the design and development of a heat exchanger, one which uses exhaust gas energy to heat the air-fuel mixture 
and which is installed into the fuel supply system; and secondly, to analyse the impact of the pre-heated air-fuel 
mixture on the test engine’s output parameters. The improved fuel supply system allows for the more efficient 
mixing and heating of the air-fuel mixture. Heating the air-fuel mixture allows light and heavy fuels to be used in 
a spark ignition engine. Additional mixing and heating of the air-fuel mixture ensures a faster and more complete 
combustion process in the engine cylinder. The present study compares the efficacy and economical parameters 
of a small displacement, four-stroke, spark ignition engine, which is equipped with an advanced fuel system. 
Experiments were carried out using standard petrol, ethanol, and diesel fuels. Data gained from this experiment 
have been compared and presented. The results show that further mixing and heating of the fuel mixture makes it 
possible to use different fuels in a spark ignition engine, while also significantly reducing fuel consumption levels 
and the volume of harmful components in exhaust gases (such as CO, HC, CO2 and soot). 

Keywords: exhaust reduction, fuel consumption, heated fuel mixture. 

Introduction 
It can be concluded from security strategies which are used by developed countries that energy 

security is the most important area of any country’s security. The second and third most important areas 
of security involve a state’s data networks and databases, in terms of IT solutions. IT requires electricity 
to be able to operate at all situations, regardless of the current situation whether it be peace, emergency, 
crisis, or war, the energy that is required to operate IT systems must still be provided. In crisis situations, 
the state’s supply and distribution of liquid fuels is limited, which increases the burden on electricity 
networks. Overworked electricity networks can cause interruptions in provision and, therefore, some 
areas may find themselves excluded from the electrical distribution network (in the form of blackouts). 
This means, however, that distributed ICT networks may be left without electricity, which, in turn, 
increases the data exchange burden on the network nodes. One must be prepared for such situations and 
should be able to react quickly, if necessary, with alternative solutions.  

One alternative electricity generation solution, and one which is reliable, is an engine-generator (a 
GENSET), which can be used to generate electricity in a crisis situation. In such a situation, it is not 
clear what form or amount of liquid fuel may be available. Therefore, it is important to make very 
widespread petrol engine generators more flexible by allowing them to use different fuels. 

It is already accepted that the use of different fuels in a spark ignition (IS) engine is possible by 
heating the air-fuel mixture. Heating the air-fuel mixture is contrary to established practices and 
common theoretical principles [1, p. 362]. But when it comes to using different fuels in a petrol-driven 
engine, it is a matter of choice. In a spark ignition carburettor engine it is possible to use ethanol fuel, 
jet fuel, and compression-ignition engine fuels, whether mixed or unmixed, when the air-fuel mixture is 
heated. Heating of an air-fuel mixture has previously been studied [2-4] and the results show that the 
heat exchanger can reduse the warm-up periood to between 10.2 and 38.3 s and has the potential to 
reduce fuel consumption and emsissions [2]. According to the research of Ghaly et al, 2017, heating the 
air-fuel mixture alows to remove the throttle valve from the intake system. At mean engine loads, the 
brake specific fuel consumption significantly reduces by 90 g·kWh-1, an enhancement in volumetric 
efficiency by 40% and increase in thermal efficiency by 12% [3]. However, the research focuses on the 
air-fuel mixture rather than the heating medium, which has been especially developed for this purpose. 
Studies around the air-fuel mixture [4-7] comprised mainly of heated air and/or fuel show that engine 
performance may be reduced and, therefore, that this was deemed to be something that was not of wider 
interest. However, studies have revealed some important facts about the SI engine running on diesel 
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fuel. In case of throttle free regulation, the air-to-fuel ratio can be 78 : 1 and detonation-free combustion 
at a compression ratio of 10.5 was evident. The engine starts at low temperatures (up to -20 ºC) without 
any problems [5]. The engine knock could be effectively suppressed by ignition timing [6]. In addition, 
the research has shown that when starting a cold SI engine with Jet fuel, a glow plug is sufficient, which 
heats the combustion chamber to 50 ºC [7]. In addition, air and/or fuel were heated before carburisation 
in the experiments, and this really does affect the volumetric efficiency and, consequently, the engine 
performance. In addition, experiments, in which the air-fuel mixture was heated after carburisation, do 
not show by how much pumping losses increased due to the heater that had been added to the engine. 
In both of the methods mentioned above, the reason for the decrease in the engine performance could 
be down to the extended air-fuel mixture channel, which increased friction and impeded the movement 
of the air-fuel mixture [8]. It is important to point out here that a tube-shape heat exchanger (HEX) was 
used in the research. 

When adding a tube-shaped HEX to an engine, the engine supply system must be thoroughly 
modified. To avoid large-scale modifications, a more compact plate-shaped HEX solution must be used 
in the engine supply system. As mentioned above, the effect of heating the air-fuel mixture has been 
studied, but more specifically for the plate-type HEX solution, in which the air-fuel mixture is heated 
only after carburisation under normal conditions, no corresponding sources could be found. As it has 
already been established that heating an air-fuel mixture makes it possible to use a wide variety of fuels 
in the SI engine, and it is easier to add a plate-shaped HEX to the fuel supply system, it is therefore 
important to find out the effect on the engine of precisely this form of HEX air-fuel mixture. It is difficult 
to find a plate-type HEX that is suitable for a small cubic displacement engine and which meets the 
engine performance parameters. Efficient and compact solutions for liquids can be purchased, but they 
are not structurally suitable for integration into the engine supply system. Therefore, it is necessary to 
develop a plate-shape HEX, which is suitable for the SI engine, and to make it possible to test the 
possibility of being able to use it with different fuels in an SI engine with a carburettor fuel supply 
system. The effect with the aforementioned solution on the air-fuel mixture in the engine combustion 
processes, on hazardous components in exhaust gases, on fuel consumption, and on engine output 
parameters must all be further investigated. 

This research was focused on product development. The aim of the article was to provide an 
overview of the development of an air-fuel mixture heating unit for an SI four-stroke engine. The article 
describes in more detail the various stages of development. In addition to the results from the 
development process, the article reveals data which cover CO, CO2, HC, NOX and soot measured in 
exhaust gases at the engine loads of 1.0 kW and 1.5 kW, with fuels such as gasoline 95 (EP), ethanol 
fuel (EF), and diesel fuel (DF). 

Materials and methods 
The development of the HEX was guided by the principles of product development [9]. After 

finding a suitable technical solution, technical requirements were developed for a plate-shaped HEX, 
which operates on the heat energy of exhaust gases and serves to heat the air-fuel mixture. The 
requirements for the HEX system are as follows: 1) the size of the system to be developed must be 
suitable for the test engine (208 cm3), but the system must not reduce the engine performance or increase 
the pump losses; 2) the system must have one fuel mixture channel; 3) the system must allow the fuel 
mixture temperature to be changed via the inlet manifold; 4) the system must provide a suitable fuel 
mixture for running the engine; 5) the system must allow the engine to be run at different loads. 

A schematic diagram of an experimental unit for heating an air-fuel mixture is shown in Fig. 1. The 
unite is shown in Fig. 2, mounted on a test engine. The experimental unit operates in such a way that 
the movement of the piston (16) in the engine cylinder (19) creates negative pressure in the following 
parts of the supply system: the air filter (9), the carburettor (8), the HEX air-fuel mixture channel (14), 
the inlet manifold (15), and the engine cylinder (19). Under negative pressure the fuel is sucked in from 
the carburettor’s (8) float chamber (11), through the nozzle (12), and into the carburettor throat (10), 
and an air-fuel mixture is formed. The carburised air-fuel mixture then moves to the HEX’s (13) air-fuel 
mixture channel (14), in which the air-fuel mixture will be complementary mixed and heated. Heating 
takes place by means of the heat energy from the exhaust gases that are transferred from the walls of the 
air-fuel mixture channel. The heated and complementary-mixed air-fuel mixture travels from the air-
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fuel mixture channel through the channel (14) to the intake manifold (15), and into the engine cylinder 
(19). As a result of heating, the temperature of the exhaust gases decreases and the temperature of the 
air-fuel mixture rises. As a result of the temperature change the air-fuel mixture expands, but the original 
AFR of the heating mixture is retained, as the primary air-fuel mixture was carburised under normal 
conditions and only then does heating take place. The flow control valve for the exhaust gases (23) is 
used to direct the exhaust gases through the HEX (13) or into the main flow duct for the exhaust gases 
(32). The temperature of the air-fuel mixture depends upon the amount of exhaust gas that is passed 
through the HEX.

Fig. 1. Principle schematic for an engine equipped with an air-fuel mixture heating system

Fig. 2. Test engine, DB3500CL (A), with heat exchanger (B)

HEX working principles
The technical specifications, the design of the engine, and the technological pre-limits must be taken 

into account when developing the supply system [10]. The tube and plate-shaped HEX [11] are suitable 
for heating the air-fuel mixture, but in tube-type solutions the air-fuel mixture channel becomes longer. 
Therefore, the egine reaction time increases, depending upon the engine load, and engine volumetric 
efficiency decreases. At higher engine loads, the natutally aspirated engine with HEX can no longer 
operate. The problem with the HEX fuel supply system is not always with the air-fuel mixture: 
sometimes it involves narrow air-fuel mixture channels, which have been developed to increase the heat 
exchange efficiency [8]. Since a plate-shaped HEX is more efficient in terms of heat exchange [3], and 
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more compact, a plate-shaped HEX with the shortest possible air-fuel mixture channel should be 
preferred in the design. 

The following formula [12] was used to design the HEX structure: 

 𝑃𝑃 =  𝑘𝑘 ∙ 𝐴𝐴 ∙ 𝛥𝛥𝛥𝛥𝐿𝐿, (1)  

where 𝑃𝑃 – heat load, kW; 
 𝑘𝑘 – heat transfer coefficient, W·(m2·ºC)-1; 
 𝐴𝐴 – heat transfer area, m2; 
 𝛥𝛥𝛥𝛥𝐿𝐿 – log mean temperature difference. 

The thermal length 𝜃𝜃 is calculated with the following formula [12;13]: 

 𝜃𝜃 =  𝛿𝛿𝛿𝛿
𝛥𝛥𝛥𝛥𝐿𝐿

 =  𝑘𝑘∗𝐴𝐴
𝑚𝑚∗𝑐𝑐𝑝𝑝

, (2) 

where 𝛿𝛿𝛿𝛿 – temperature difference between the inlet and outlet on one side, º C; 
 𝑘𝑘 – heat transfer coefficient, W·(m2·ºC)-1; 
 𝐴𝐴 – heat transfer area, m2; 
 𝑚𝑚 – mass flow rate, kg·s-1; 
 𝑐𝑐𝑝𝑝 – specific heat at constant pressure, W·(m2·ºC)-1; 
 𝛥𝛥𝛥𝛥𝐿𝐿 – log mean temperature difference 

and temperature difference log mean 𝛥𝛥𝛥𝛥𝐿𝐿 can be calculated [13]:  

 𝛥𝛥𝛥𝛥𝐿𝐿 =  ∆𝛥𝛥1−∆𝛥𝛥2
𝑙𝑙𝑙𝑙∆𝑇𝑇1∆𝑇𝑇2

, (3) 

where ΔT1 = T1 – T4; 
 ΔT2 = T2 – T3; 
 T1 – inlet temperature, hot side; 
 T2 – outlet temperature, hot side; 
 T3 – air-fuel mixture inlet temperature, cold side; 
 T4 – air-fuel mixture outlet temperature, cold side. 

Each specific HEX solution depends upon its intended use. For the previously-specified 
requirements, this study uses a plate-type HEX in Fig. 2a with one air-fuel mixture channel Fig. 2b. The 
air-fuel mixture channel is designed so that the volume is increased towards the inlet manifold in order 
to reduce friction due to the expansion of the air-fuel mixture and to ensure normal air-fuel mixture flow 
into the engine cylinder. Increase in the volume in the air-fuel mixture channel takes place so that one 
dimension of the channel increases as far as the inlet manifold, and the narrower dimension is maintained 
for the entire air-fuel mixture channel. This is necessary in order to ensure that efficient heat exchange 
is maintained throughout the HEX till the inlet manifold. It is important to note that the temperature of 
the air-fuel mixture is controlled by only one valve, which is located in the exhaust duct. The exhaust 
control valve allows the temperature of the air-fuel mixture to be adjusted according to the fuel used and 
the engine load. The air-fuel mixture and exhaust gas flow must be unobstructed so that engine pumping 
losses do not increase. Otherwise the engine performance will decrease and the hazardous components 
in the exhaust gases will increase. 

Engine tests 
The test engine was an air-cooled four-stroke SI GENSET. The maximum permissible load for the 

generator that was attached to the motor is 2.8 kW. During test preparations, the generator was loaded 
to 2.5 kW, but at this load the engine was able to run at a rotational speed of 2700 rpm. The factory-set 
rotational speed of the engine is 3000 rpm. To ensure the intended rotational speed of the engine, the 
generator loads were chosen to be 1.0 kW and 1.5 kW. The spark angle was 48° BTDC. Fuel 
consumption was measured for seven minutes and was checked every sixty seconds with a CAS 
CI2001A weighing instrument. Air consumption was measured with an AVL Flowsonix Air 100 
instrument. Exhaust emissions and engine oil temperature were measured with a Bosch BEA 350 
instrument. The repeatability of the exhaust emission measurements in each mode was six and the results 
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obtained were averaged and are shown in Table 4. During the tests the test engine was loaded with 
electric bulbs. Fuel used in the test was EP, EF (anhydrous) and DF. For the EP and DF fuels, a 
carburettor was used in the test with a nozzle orifice of 0.8 mm, while for the EF fuel, the carburettor 
had a nozzle orifice of 1.2 mm. The technical data for the test engine and the test equipment are shown 
in Table 1. 

Table 1 
Test engine and equipment 

DB3500CL test engine data  
Strokes 4 Connection rod length 84.8 mm 
Cylinder 1 Swept võlume, Vd 207.42 cm3 
Displacement 208 cm2 Clearance volume, Vc 28.28 cm3 
Engine power 3.6 kW Total volume, Vt 235.7 cm3 
Speed, ne 3000 rpm Compression ratio, rc 8 
Bore 70.00 mm Bore to stroke ratio, Rbs 1.29 
Stroke, l 54.00 mm Connection rod to stroke ratio, R 3.14 
Fuel supply system Carburetor Crankshaft radius, α 27 mm 
Ignition system Spark plug   

CAS CI2001A fuel consumption measuring unit 
Scales CI-2001, digital Precision Δ m = 1 g 

AVL air flow measurement system 
AVL Flowsonix Air 100 Precision < ± 1% 

Boch BEA 350 exhaust gas analyser  
CO measurement range 0.000 – 10.00% vol Precision 0.001% 
CO2 measurement range 0.00 – 18.00% vol Precision 0.01% 
HC measurement range 0 – 9999 ppm vol Precision 1 ppm vol 
O2 measurement range 0.00 – 2.00% vol Precision 0.001% 
λ measurement range 0.500 – 9.999 Precision 0.001 
NO measurement range 0 – 5000 ppm vol Precision ≤ 1ppm vol 
Soot measurement TESTO 338 Precision 0.01 FSN 

To be able to obtain the reference data, the efficiency and economy parameters of the test engine 
and the exhaust emissions at the aforementioned loads were all measured. An air-fuel mixture heating 
unit was then added to the engine, and additional measurements were undertaken to investigate the effect 
of the unit on the engine output parameters. In the tests for different fuels, the temperature of the air-
fuel mixture was raised as high as possible until detonation occurred in the engine cylinder. The 
temperature of the air-fuel mixture was then reduced until stable engine operation and non-detonating 
combustion of the air-fuel mixture was achieved. The tests were then carried out. Since heating the air-
fuel mixture changes the speed and timing of the combustion phase, tests with the heated air-fuel mixture 
were carried out at a spark angle of 31° BTDC. 

Results and discussion 
The development of a system to heat the air-fuel mixture took place in two stages.  
In the first stage, a suitable solution for the heating system for the air-fuel mixture was selected. 

The first stage of the work involved developing an air-fuel mixture channel for the plate-shaped HEX 
(Fig. 2) in a four-stroke SI engine. The aim of this particular activity was to check the suitability of the 
dimensions for the air-fuel mixture channel and the test engine in order to avoid a decrease in the 
volumetric efficiency in the engine due to the elongation of the inlet channel. This step included the 
following activities: 1) the test environment was prepared; 2) harmful exhaust gas components from the 
test engine were measured with petrol at loads of 1.0 kW, 1.5 kW, and 2.0 kW; 3) the test engine’s air 
and fuel consumption was measured at loads of 1.0 kW, 1.5 kW, and 2.0 kW; 4) channel parameters 
were calculated and modelled for the HEX air-fuel and exhaust gases; 5) technical drawings were 
prepared for the air-fuel mixture duct; 6) a HEX air-fuel mixture channel was constructed; 7) the 
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engineered air-fuel mixture channel was installed in an engine; 8) tests were carried out on the engine 
with the HEX air-fuel mixture channel.

Documentation was prepared and a model was made for the construction of the HEX, and the HEX 
air-fuel mixture duct was built in Fig. 4. Fig. 4a shows an open air-fuel mixture, while Fig. 4b shows a 
finished HEX air-fuel mixture channel. When testing the HEX air-fuel mixture channel, problems 
emerged with the test engine; at a load of 2.0 kW, and with the air-fuel mixture channel being cold, 
where the expansion of the air-fuel mixture had not yet taken place, the test engine could not run at the 
prescribed speed of 3000 rpm. The developed air-fuel mixture channel proved to be an additional 
obstacle in the inlet channel. The dimensions of the air-fuel mixture channel were calculated according 
to the air and fuel consumption, but due to the shape of the air-fuel mixture channel, a sharp turn occurred 
in the channel which added additional friction to the air-fuel mixture flow. The volume of the developed 
HEX air-fuel mixture was 13.4 cm3, its length was 26.8 cm, and its cross-section was 2 cm2. With EP at 
loads of 1.0 kW and 1.5 kW, the air-fuel mixture channel operated smoothly. With a cold air-fuel 
mixture, air consumption did not change and there was a slight decrease in fuel consumption. This can 
be explained by the additional mixing of the air-fuel mixture in the extended air-fuel mixture channel, 
ie. the formation of a higher-quality air-fuel mixture. The problem can be solved either by slightly 
increasing the cross-section of the HEX air-fuel mixture channel, but only for one dimension of the fuel 
mixture channel because the heat exchange efficiency must be maintained, or the air-fuel mixture 
channel must be structurally smoother in order to reduce channel friction.

Fig. 4. Heat exchanger prototypes:A, B, C, D

In the second stage, the HEX (Fig. 4c/d) was developed with an air-fuel channel, which had a 
modified duct cross-section and shape, and the exhaust gases were measured from the test engine with 
the modified fuel supply system and maximum-heated air-fuel mixture, Table 4, as well as 
measurements also being carried out for fuel and air consumption, Table 3. Figure 4c shows the finished 
air-fuel mixture channel, and Figure 4d shows the HEX with a partially open exhaust gas channel. The 
parameters for the technical parts of the HEX are presented in Table 2. The second stage included the 
following activities: 1) the new parameters were calculated for the HEX air-fuel mixture and the exhaust 
gases channel; 2) technical drawings were prepared; 3) the HEX air-fuel mixture channel was built; 4) 
a test medium was prepared; 5) the suitability was tested of the HEX air-fuel mixture channel for the 
engine; 6) the HEX exhaust gases section and the HEX flow ducts were built, together with a control 
valve; 7) an air-fuel mixture heating system was installed on the engine; 8) engine tests were carried out 
with a heated air-fuel mixture.

The test engine operated without problems when using a cold HEX, and again, when using EP and 
EF at all loads with a spark angle of 48 ° BTDC. The volume of the developed HEX air-fuel mixture 
channel was 100 cm3. The length of the air-fuel mixture channel was 21 cm, and its cross-sectional area 
was 6.05 cm2. The first malfunctions in the engine occurred during heating, namely as a result of the 
heating itself, with the combustion phases starting sooner, because the additionally-mixed and heated 
air-fuel mixture ignited and burned faster (causing rapid combustion). For a heated air-fuel mixture, the 
spark angle was changed to 31 ° BTDC and the results were measured with maximum-heated EP, EF, 
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and DF air-fuel mixtures at loads of 1.0 kW and 1.5 kW. Ignition timeing 31 ° BTDC was chousen as a 
stable adjusting for the engine work. Ignition timing was controlled by an indirect method, i.e. according 
to the stable operation of the engine at all engine loads. 

Table 2 
Basic data for the technical components of the heat exchanger 

Technical component Unit Value 
HEX air-fuel mixture channel, operating part length cm 21 
Cross-sectional area of exhaust gas inlet and outlet ducts cm2 2 
Volume of the HEX exhaust chamber  cm3 400 
Air-fuel mixture inlet openings, cross-sectional areas cm2 3.15 
Air-fuel mixture outlet openings, cross-sectional areas cm2 4.7 
Air-fuel mixture channel, cross-sectional maximum area cm2 6.05 
Volume of the HEX air-fuel mixture channel cm3 100 
HEX air-fuel mixture channel, heated part volume cm3 80 

During the tests, problems which occurred were mainly when using DF. A rich air-fuel mixture was 
formed when DF flowed through the carburettor nozzle. In addition, when using DF, engine 
performance was somewhat more uneven than with EP or EF. The problem can be solved by: 1) 
restricting the flow of DF through the nozzle with a nozzle needle; 2) raising the temperature of the air-
fuel mixture. No increase was detected in the response time for the fuel supply system due to the 
extended air-fuel mixture channel. No problems in engine operation were found with EP and EF motor 
fuels, but EF requires higher heating mixture temperatures in order to be able to evaporate the air-fuel 
mixture even better. The combustion process is going to become faster, and even faster combustion 
would negatively affect the engine performance. The relevant measurement environment and test data 
are given in Table 3, and exhaust gas data are shown in Table 4. 

Table 3 
Experiment results 

Parameter Unit EP 
Carb 

EP 
HEX 
Cold 

EP 
HEX 
Hot 

EF 
Carb 

EF 
HEX 
Cold 

EF 
HEX 
Hot 

DF 
HEX 
Hot 

At load 1.0 kW 
𝐴𝐴𝑛𝑛 mm 0.8 0.8 0.8 1.2 1.2 0.8 0.8 

tintake °C 26 30 112 33 20 140 120 
tdeto - - - 120 - - 145 125 

α BTDC 48 48 31 48 48 31 31 
toil °C 81 75 90 77 82 102 74 
ƛ - 0.99 1.06 1.12 0.90 1.17 1.00 0.60 
Bf kg·h-1 0.56 0.62 0.54 1.01 0.98 0.95 1.10 
Ba kg·h-1 8.12 9.68 8.88 8.20 10.34 8.56 9.76 

At load 1.5 kW 
𝐴𝐴𝑛𝑛 mm 0.8 0.8 0.8 1.2 0.8 0.8 0.8 

tintake °C 30 26 107 34 20 100 80 
tdeto - - - 115 - - 110 87 

α BTDC 48 48 31 48 48 31 31 
toil °C 88 81 91 83 86 104 82 
ƛ - 0.93 1.14 0.93 0.92 1.07 1.04 0.99 
Bf kg·h-1 0.71 0.65 0.68 1.19 1.13 1.01 0.87 
Ba kg·h-1 9.73 10.88 9.32 9.84 10.88 9.42 12.62 

Data on the harmful components of the exhaust gases when measured at loads of 1.0 kW and 1.5 kW 
are given in Table 4. 
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Table 4 
Changes in the harmful components of exhaust gases 

Param
eter Unit EP 

Carb 

EP 
HEX 
Cold 

EP 
HEX 
Hot 

EF 
Carb 

EF 
HEX 
Cold 

EF 
HEX 
Hot 

DF 
HEX 
Hot 

At load 1.0 kW 
CO kg·h-1 0.14 10-2 10-2 6*10-4 10-2 2*10-2 10-2 
CO2 kg·h-1 0.47 0.66 0.53 0.54 0.75 0.52 0.50 
HC kg·h-1 8*10-4 38*10-4 8*10-4 3*10-4 10-3 2*10-4 4*10-4 

NOX kg·h-1 8*10-4 12*10-4 17*10-4 12*10-4 2*10-4 12*10-4 11*10-4 
Soot FSN 4.2 1.5 1.5 2.0 3.7 6.0 7.6 

At load 1.5 kW 
CO kg·h-1 0.04 0.01 0.05 0.01 0.01 0.07 0.03 
CO2 kg·h-1 0.75 0.83 0.63 0.79 0.96 0.57 0.76 
HC kg·h-1 9*10-4 8*10-4 5*10-4 5*10-4 6*10-4 2*10-4 7*10-4 

NOX kg·h-1 44*10-4 31*10-4 53*10-4 37*10-4 10*10-4 14*10-4 23*10-4 
Soot FSN 3.5 1.5 0.6 2.8 4.6 4.1 8.9 

At a load of 1.0 kW, EP Carb was measured and found to have a CO content of 0.14 kg·h-1. In all 
ohter cases, CO decreases in exhaust gases. These results are in good agreement with the experimental 
results of Raide et.al. 2018 [8]. EP Carb CO2 was measured at 0.47 kg·h-1, and was detected increase at 
EP HEX Cold: 0.19 kg·h-1; EP HEX Hot: 0.06 kg·h-1; EF Carb: 0.07 kg·h-1; EF HEX Cold: 0.28 kg·h-1; 
EF HEX Hot: 0.05 kg·h-1; and DF HEX Hot: 0.03 kg·h-1. EP Carb was measured with HC:  
0.0008 kg·h-1. An increase in HC particles was detected in EP Carb 0.003 kg·h-1 and 
EF HEX Cold 0.0019 kg·h-1. In other cases the amount of HC was lower. EP Carb measured NOX: 
0.0008 kg·h-1. NOX elevations were detected, increase in EP HEX Cold: 0.0004 kg·h-1; EP HEX Hot: 
0.0009 kg·h-1; EF Carb: 0.0004 kg·h-1; EF HEX Hot: 0.0004 kg·h-1; and DF HEX Hot: 0.0003 kg·h-1. 
Soot in the EP Carb exhaust gases of was measured at 4.2. An increase in the amount of soot was 
detected in EF HEX Hot: 1.8 and DF HEX Hot: 3.4.  

At a load of 1.5 kW, EP Carb was measured and found to have a CO content of 0.04 kg·h-1. 
Increases in CO content in the exhaust were detected in EF Carb: 0.01 kg·h-1; EF HEX Hot:  
0.03 kg·h-1; and DF HEX Hot: 0.84 kg·h-1. In other cases there was a decrease in the CO component. 
EP Carb CO2 was measured at 0.75 kg·h-1, and an increase was detected in EP HEX Cold: 0.08 kg·h-1; 
EF Carb: 0.04 kg·h-1; EF HEX Cold: 0.21 kg·h-1; and DF HEX Hot: 0.01 kg·h-1. In other cases CO2 was 
reduced. EP Carb was measured with HC: 0.0009 kg·h-1. In other cases HC was lower. EP Carb was 
measured at NOX: 0.0044 kg·h-1. An increase in NOX was detected in EP HEX Hot: 0.0009 kg·h-1. Soot 
in the E Carb exhaust gases was measured at 3.5. An increase in soot was detected in EF HEX Cold: 
1.1; and DF HEX Hot: 5.4.  

Conclusions 
The paper describes the development of an air-fuel mixture heating unit to be added to the engine. 

The development of a HEX with a single air-fuel mixture channel took place in two stages. The results 
are as follows: 
1. The air-fuel mixture channel of the heating system must be extend towards the inlet manifold, so 

that the air-fuel mixture which has expanded as a result of heating the air-fuel mixture passes 
through the air-fuel mixture channel without hindrance.  

2. To use the heated air-fuel mixture, the engine ignition timing must be changed. Based on the data, 
the ignition timing was changed from 48 ° BDTC to 31 BDTC. 

3. Heated fuels with long hydrocarbon chains are suitable for use in an SI engine with a carburettor 
fuel supply system. 

4. At load 1000 W, a complementary mixed and heated air-fuel mixture reduces the hazardous 
components of exhaust gases. There was a significant reduction in CO (~90%) in the exhaust gases 
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with all test fuels and a significant reduction in HC was detected with EF (~33% compared to EF 
carb and EF HEX Hot) and DF fuel (~50% compare to EP carb and DF HEX Hot). At load 1500 W, 
CO level in exhaust gases increases with use of the heated air-fuel mixture. The exception was 
diesel fuel, where CO level decreases by 25%. In all loads, the NOx level increases with use of the 
heated air-fuel mixture. The exception was an ethanol fuel at load 1000W, where the NOx was at 
similar level compared to EX Carb. 
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Abstract:  

This research resulted from military interest in finding methods to provide distributed 

electricity generation in order to support comprehensive state defence measures. The 

aim of the study was to investigate the effect of a heated air-fuel mixture on the combus-

tion process of a spark ignition (SI) engine, and to highlight the maximum temperatures 

to be applied to air-fuel mixtures with different fuel fractions in order to avoid any deto-

nation of the fuel mixture in the engine. Tests were carried out with a petrol engine 

generator (GENSET) so that an investigation could be conducted into the effect of the 

air-fuel mixture on the engine’s combustion. It turned out that heating the air-fuel mix-

ture permits the use of heavier fraction fuels than engine petrol in SI engines does, 

including diesel fuel and biodiesel fuel, and also that the use of heavy fraction fuels in SI 

engines is effective mainly under low and middle loads. 
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FDP  flame development phase 
FSS  fuel supply system 
GENSET electrical generator with combustion engine 
HEX  heat exchanger 
HNS   host nation support 
HRR  heat release rate 
ICE  internal combustion engine 
ICT  information communication technology 
Jet  jet fuel 
LoC  line of supply 
MFB  mass fraction burnet 
RBP  rapid burning phase 
RHR  relative heat release 
SI  spark ignition 
TDC  top dead centre 

1 Introduction 

According to NATO’s own principle, in the event of a military attack its member 
states must first ensure their own defence capabilities. This requires then to fight with 
limited resources until comprehensive joint operations can be launched. A full-scale 
launch of a NATO Article 5 response will take between two to three months. A mili-
tary invasion is preceded by a gradual escalation into military action, forcing the 
country to use resources in advance. If those resources have been used prior to the 
commencement of battle operations and Host Nation Support (HNS) does not have 
military control of most of the country's territory, Article 5 response will not be 
launched. Nowadays, the management of state and military operations is based on 
electricity-consuming ICT (Information Communications Technology), and if there is 
no energy then there is no management. Regardless of war, peace, emergency, or 
a crisis situation, distributed ICT systems must be kept operational to ensure national 
security. Energy security is key, and it requires the production of the required amount 
of distributed off-the-grid electricity by all possible means. Assets are for peacetime 
tasks, but crisis reserves are mainly ‘national’ resources which are in the hands of 
businesses and individual citizens. The resources for mobile electricity production, 
independent of wind and the sun, cover engine petrol (EP) generators (GENSET) 
which can be requisitioned from warehouses, shops, and homes.  

A simple and reliable means of generating electricity is a generator which is con-
nected to an internal combustion engine. Small cubic GENSET with a carburettor fuel 
supply system (FSS) and spark ignition (SI) are widespread. A GENSET with a SI is 
ten times cheaper than the corresponding compression ignition (CI) engine. The use of 
EP or ethanol fuel (EF) additive EP only becomes a problem in times of crisis or war, 
as the fuel supply chains and lines of communication (LoC) are hindered or disrupted. 
In this case, it must be possible to use a wide variety of fuels in the SI engine, from 
heavy to light fuels, from fossil fuels to biofuels [1-4], as well as the NATO Single 
Fuel Concept Jet-A1 (Jet) [5, 6]. Mixtures of biofuels and fossil fuels in any ratio are 
also considered [7]. The introduction of liquid biofuels continues at an increasing 
pace, but liquid fossil fuels will certainly be in use for decades to come [8], as a well-
functioning global production and distribution network has long existed for them [9]. 
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An SI engine with a carburettor FSS can use EF, Jet without additives, and CI 
fuels such as diesel fuel (DF) and hydrogenated vegetable oil (HVO) if the air-fuel 
mixture (AFM) is heated [10]. The effect of heating heavy fraction fuels in the SI 
engine has been previously studied in carburettor and injection FSS´s. Research [11-
20] focuses mainly on reducing the hazardous components that are contained within 
exhaust gases, solving cold start problems, and reducing the engine’s fuel consumption 
rate, as well as on the combustion of various AFM’s in the engine’s cylinder. In addi-
tion, the use of heat energy in different heat exchangers (HEX) is something that has 
been studied in the past, but the research has focused more on the recovery of heat 
energy from exhaust gases and the study of cooled exhaust gases [21-28]. It is already 
accepted that heavy fuels result insufficient quality AFM in the formation of an AFM 
in an SI piston engine with a carburettor, because the heavy fuel fractions do not evap-
orate. The combustion of a low-quality AFM in the engine’s cylinder is poorer and, as 
a result, the content of hazardous components (CO, CO2, HC, and soot) in the exhaust 
increases, the engine oil gets polluted faster because portions of unburnt fuel enter the 
engine crankcase from the cylinder walls, and a rich air-fuel mixture results in the 
early combustion of the air-fuel mixture [29].  

In addition, studies have also been conducted in terms of the effect of Jet and bi-
odiesel and diesel fuel blends (20:80) on the small cubic SI engine. It has been found 
that the carburettor FSS should be replaced by an injection FSS because the carburised 
AFM is of insufficient quality and, therefore, the FSS is unable to maintain the correct 
air-fuel ratio (AFR) throughout the load mode of the piston engine [12-14]. The re-
search has not indicated at which AFM temperatures different fuels can be used in the 
SI engine using the heated AFM method. Due to the different specific properties of the 
fuels, the AFM for various fuels has to be heated at different temperatures. This is due 
to several factors such as, for example, the air–fuel equivalence ratio (ƛ) affecting the 
ignition and combustion of the AFM. In addition, it is important to know what the 
combustion process is like in the engine when the AFM is being heated to a tempera-
ture which is above that at which detonation occurs in the engine. However, when 
using heavy fraction fuels, it is important to keep the temperature of the AFM as high 
as possible to ensure fuel evaporation. 

The aim of this study was to investigate the effect of a heated AFM on the com-
bustion process for a SI engine, and to identify the maximum temperatures to be used 
for AFM with different fractions in order to avoid any detonation of the AFM in the 
engine. In particular, this article analyses the effects of AFM temperatures when using 
engine petrol (EP), ethanol fuel (EF) (anhydrous), jet fuel Jet A-1 (Jet), diesel fuel 
(DF), and hydrogenated vegetable oil (HVO) on the SI engine’s combustion process. 
The test subject was a GENSET equipped with a carburettor FSS. The broader aim of 
the research is to uncover solutions which will help to prevent an energy crisis which 
could arise in the event of war, emergency, or crisis situation, using different fuels in 
off-the-shelf petrol engine GENSET’s. 

2 Materials and Methods 

2.1 Setting Up the Test 

The test engine was a GENSET, which was equipped with a carburettor FSS. The 
maximum allowable load for the electric generator was 2.8 kW. During test prepara-
tions, the GENSET was loaded to 2.5 kW, but at this load the engine was able to run at 
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2 700 rev/min only, while the factory speed is 3 000 rev/min. To ensure the intended 
speed mode for the engine, the generator loads were selected to be 2.0 kW, 1.5 kW, 
and 1.0 kW. During the tests, the test engine was loaded with light bulbs. The motor’s 
speed mode is important in terms of it maintaining a stable mains frequency. The tech-
nical details for the test engine and test equipment including tested fuels are given in 
Tab. 1. 

Tab. 1 Test equipment and fuels 

 The data of experiment GENSET DB3500CL  

Strokes          4 Connection rod length   84.80 mm 
Cylinder          1 Swept volume (Vd) 207.42 cm3 
Displacement      208 cm3  Clearance volume (Vc)   28.28 cm3 
Engine power          3.6 kW Total volume (Vt) 235.70 cm3 
Speed (ne)   3 000 rev/min Compression ratio (rc)     8.00 
Bore 70.00 mm Bore to stroke ratio (Rbs)     1.29 
Stroke (l) 54.00 mm Connection rod to stroke ratio (R)     3.14 
FSS Carburettor Crankshaft radius (α)   27.00 mm 

The weighing instrument CAS CI2001A 

Weight CI-2001, Digital                    Measurement accuracy Δm = 1 g 
The combustion pressure measurement system AVL 621 

Signal amplifier AVL 2P2E  
SI engine pressure sensor ZF43           Measurement accuracy 1.5 % 

The air consumption measurement system AVL 

AVL Flowsonix Air 100 Measurement accuracy < ± 1 %. 
The fuels 

Parameter Unit EP* EF* Jet A-1* DF* HVO* 
Molecular composition — C5-C11 C2 C7-C16 C15-C23 C15-C23 
Density at 15 °C kg m−3 700-750 789 787 765 775-785 
Viscosity at 40 °C mm2 s−1 0.6 0.80 0.94 2.0 2.5-3.5 
Octane1 - Cetane number2 — 87-971 1081 30-401 15-251 ~80-992 
Boiling point at atm  °C 25-220 78.37 147-230 160-360 269-313 
Flash point °C –45 17 35-51 50-65 78 

Calorific value MJ kg−1 43.5 26.8 43 45.4 44 
AFR  14.6/1 9/1 15.6/1 14.6/1 14.6/1 

* [30-42] 
The time taken to measure fuel consumption was seven minutes. Fuel consump-

tion was measured every sixty seconds using a CAS CI2001A weighing instrument. 
Combustion pressures were measured using an AVL 621 and fifty operating cycles 
were recorded for each test. Combustion pressures were averaged out, and the heat 
release rate (HRR) and relative heat release (RHR) were calculated. The heat release 
rate (HRR), in relation to the rotational angle of the crankshaft, is expressed as follows 
[43, 44]:  

 c chr
c c

hr hr

d d d1

d 1 d 1 d
nQ V P

P V
γ

ϕ γ ϕ γ ϕ
= +

− −
  (1) 

where Pc – cylinder pressure; γhr – isentropic exponent; Vc – cylinder volume; dϕ – 
crank angle. 

The combustion process was divided into three phases [44]: 1) a flame develop-
ment phase (FDP); 2) a rapid burning phase (RBP); and 3) an after-burning phase 
(ABP). The spark angle for the test engine was 48° BTDC. 
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In order to obtain the required reference data, the efficiency and economy param-
eters for the test engine were first measured at the aforementioned loads. An AFM 
heating unit was then added to the engine and additional measurements were taken in 
order that an investigation could be carried out into the effects the unit may be having 
on the engine’s output parameters. The construction and operation of the AFM heating 
unit are presented below in the form of a separate subsection. 

In the tests on different fuels, the temperature of the AFM was raised as high as 
possible until detonation occurred in the engine cylinder. The temperature of the AFM 
was then reduced until stable engine operation could be achieved, along with the non-
detonated combustion of the AFM. The tests were then carried out. Since the process 
of heating the AFM serves to change the speed and timing of the combustion phases, 
the tests were carried out with the heated AFM at a spark angle of 31° BTDC.  

The fuel that was used in the experiment was EP, EF, Jet, DF and HVO. The 
most important chemical and physical properties of those fuels which were used in the 
tests are given in Tab. 1, and this is something which must be taken into account when 
heating the AFM. A carburettor nozzle with a nozzle opening of 0.8 mm was used for 
all fuels except EF, for which the nozzle orifice diameter was expanded to 1.2 mm. 

2.2 Operating Principles for the AFM Heating Unit 

To be able to study the effects of the heated AFM, an AFM heating unit based on 
a process of heat exchange was added to the SI piston engine, which allowed the re-
sidual heat energy of the exhaust gases to be transferred into the AFM. The 
arrangement of the heating unit between the carburettor and the intake manifold is 
shown in Fig. 1. The cross-sectional area of the AFM channel which was used in the 
heating unit increases towards the intake manifold due to the expansion of the heated 
AFM. Tab. 2 reveals the parameters for the most important components of the heat 
exchanger (HEX) which was added to the FSS.  

 

Fig. 1 Schematic diagram of the engine equipped with AFM heating unit 



156

294 DOI 10.3849/aimt.01501

The air-fuel mixture is directed to the HEX 13 and from the HEX 13, the AFM 
moves into AFM channel 14, where it is additionally mixed and heated up due to the 
heat being transferred from the exhaust gases. After that, the additionally-mixed and 
heated AFM moves from the HEX 13 to intake manifold 15, and from there to the 
engine. Exhaust gases from the engine are directed either to muffler 30 or the HEX 13, 
where the heat energy from the exhaust gases is transferred into the AFM. According 
to the engine load, the temperature of the AFM is regulated by exhaust gas flow con-
trol valve 23. If the AFM mixture is not heated, exhaust gas control valve 23 remains 
in the open position; when heated, valve 23 is in the closed position. To be able to 
achieve a higher AFM temperature, the exhaust gas flow through the HEX must be 
increased.  

Tab. 2 Basic data of the technical components of heating unit  

Technical component Unit Value 

HEX AFM channel operating part length cm   21 

Cross-sectional area of exhaust gas inlet and outlet ducts cm2 2 

The volume of the exhaust chamber of the HEX cm3 400 

AFM inlet openings cross-sectional areas cm2 3.15 

AFM outlet openings cross-sectional areas cm2 4.7 

AFM channel cross-sectional maximum area cm2 6.05 

The volume of the HEX AFM channel cm3 100 

The HEX AFM channel heated part cm3   80 

3 Results and Discussion 

In the following data tables, the most important data of the experimental environment, 
are shown, such as carburettor nozzle orifice diameter (An), ambient humidity (r), 
ambient temperature (tenv), air-fuel mixture temperature in the inlet manifold (intake), 
and detonation starting temperature (tdeto). In addition, the theoretical amount of ener-
gy directed into the cylinder per cycle (Eteor), fuel consumption (Bf), and air 
consumption (Ba) are presented. 

Fig. 2 displays the HRR in graphical terms, and Tab. 3 displays the most im-
portant details from the test environment and the tests at a load of 1.0 kW. Based on 
the information contained in Tab. 3, the duration of the FDP using an unheated EP 
relative AFM is 64°. Fig. 2 shows that the HRR’s progress is smooth. The RBP lasts 
for 68° and the total duration of the combustion process is 132°. When unheated EF is 
used, the FDP is 63° and the RBP is 70°. The duration of the total combustion time for 
AFM is 133°. Fig. 2 shows that the transition of HRR from one phase to another is 
smooth. With Jet, the FDP lasts for 65° and the RBP lasts for 63°. Fig. 2 shows that 
the HRR’s progress is smooth. The total combustion duration is 128°. 

EP, EF and Jet can be used in an unmodified engine but in case of the Jet, the 
AFM used is rich due to the high viscosity of the Jet. The high viscosity prevents the 
fuel from being effectively carburised, and a lean relative AFM prevents the ignition 
of the AFM in the cylinder because there is not enough evaporated fuel drops in the 
AFM. Therefore, in order to use Jet more efficiently, it is important to ensure the more 
efficient evaporation of the fuel. The HRR graph is similar for all fuels because, based 
on the theory, the combustion efficiency at lambda values of 0.7 to 1.1 is similar. 
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Fig. 2 HRR at load 1.0 kW 

Tab. 3 Test data at load 1.0 kW 
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An mm 0.8 0.8 0.8 1.2 1.2 0.8 0.8 0.8 0.8 0.8 0.8 

R % 26 44 44 24 51 30 24 24 24 40 52 

tenv °C 24 16 18 22 24 27 21 18 20 26 24 

tintake °C 26 30 112 33 20 140 13 12 117 120 106 

tdeto °C   120   145   125 125 115 

BTDC deg 48 48 31 48 48 31 48 48 31 31 31 

toil °C 81 75 90 77 82 102 74 77 85 74 80 

ne rpm 3 000 2 925 3 011 3 011 3 000 3 000 3 006 2 987 3 025 3 026 3 019 

ƛ — 0.98 1.06 1.12 0.90 1.17 1.0 0.7 0.97 1.22 0.60 0.93 

Eteor J 286.1 317.1 278.4 312.7 303.3 294.0 394.2 280.6 217.9 523.2 379.8 

Bf kg/h 0.56 0.62 0.54 1.01 0.98 0.95 0.83 0.59 0.46 1.10 0.80 

Ba kg/h 8.12 9.68 8.88 8.20 10.3 8.56 8.50 8.43 8.30 9.76 11.0 

FDP deg –48-16 –48-20 –31-17 –48-15 –48-15 –31-21 –48-17 –48-21 –31-16 –31-27 –31-22 

RBP deg 17-84 20-100 17-90 16-85 16-85 22-72 18-80 22-83 17-88 28-91 23-73 

ABP deg 85-141 101-145 91-139 86-138 91-139 73-140 81-140 84-141 89-138 92-139 74-141 

MFB 
10 % 

deg 16 20 17 15 29 21 17 21 16 27 22 

MFB 
50 % 

deg 29 43 35 30 53 37 30 37 30 43 37 

MFB 
90 % 

deg 84 100 90 85 90 72 80 83 88 91 73 
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In EP tests with a cold HEX, the FDP is 68°. Fig. 2 shows that the HRR’s pro-
gress is smooth, although when compared to the test without HEX, the combustion of 
the AFM takes place at a later point in the process. The RBP lasts for 80° and the 
overall combustion duration is 148°. When using EF fuel with a cold HEX, the FDP is 
78°. The HRR’s progress is smooth and comparable to the use of EP. When compared 
to a conventional engine test, combustion takes place significantly later. The duration 
of the RBP is 61°. The general combustion duration of the AFM lasts for 139°. With 
the Jet, the FDP lasts for 69°. The HRR graph shows that the HRR is steady but is later 
than with a factory engine setting. The RBP is 62°. The total burning time is 131°. In 
conclusion, the onset of combustion for the EP AFM with a cold HEX takes place 
somewhat later and its duration is longer. When using EF, the FDP is nine degrees 
longer than in an engine which is still using the factory settings, but the RBP is nine 
degrees shorter. In the case of a cold HEX and a Jet AFM, the combustion process is 
somewhat later than in an engine which still has its factory settings. When comparing 
with and without a HEX, it can be seen that the use of a HEX prolongs the FDP and 
postpones the onset of energy release in the EP and Jet fuel combustion process. This 
is due to the formation of a leaner AFM in the cylinder. When looking at the MFB50 
data in the Tab. 3, it appears that the AFM’s ignition and combustion processes are 
delayed when using all forms of fuel along with a HEX, as compared to the engine 
which has the factory settings. In theory, the AFM combustion has an MFB50 of 
5° to 7° ATDC [44]. In the case of the engine that was being tested, delayed combus-
tion is caused by the fact that the spark angle cannot be set for different loads, so 
instead it is set primarily for high loads being place on the engine. 

The combustion of the heated EP AFM has a FDP of 48° and a RBP of 73°. The 
conversion of enthalpy to an endothermic exothermic reaction is smooth, and is similar 
to the results for the cold HEX test. The general combustion phase has a duration of 
121°. The heated EF AFM has a FDP of 52°. The RBP phase lasts for 51°. HRR pro-
gress is similar to that for the use of EP. However, the maximum value of the HRR is 
higher when compared to a cold HEX and the use of EF. The total combustion dura-
tion is 103°. The heated AFM of Jet has a FDP of 47° and the RBP is 72°. The total 
combustion duration is 119°. When compared to a cold AFM of Jet, the combustion 
duration for the AFM is around twelve degrees shorter. As a result, the timing of the 
combustion phases has also changed. 

The heated DF AFM has a FDP of 58° and a RBP of 64°. The overall combustion 
duration is 122°. The values for the HRR graph are significantly higher than for other 
fuels which were used as a comparison. This can be attributed to the chemical and 
physical properties of the fuel. Heavy fuel fractions do not burn in the cylinder. At the 
same time, it is important that enough fuel is directed into the cylinder to ensure the 
AFM’s ignition and combustion in the cylinder. With a heated HVO AFM, the FDP is 
53°, the RBP is 51°, and the combustion duration is 104°. When using both HVO and 
DF, the HRR graph shows a clear difference in combustion phases, which is some-
thing that is characteristic of CI engines. The HRR graph has a premixed combustion 
phase at −20 to zero degrees of crankshaft rotation for DF, and at −12 to zero degrees 
for HVO. This is due to the different fuel fractions for the DF and HVO, where the 
light fractions evaporate and combust rapidly and thereafter the ignition of heavy frac-
tions takes place. In conclusion, fuels with heavy fractions combust somewhat 
differently in the SI engine when compared to EP and EF. In the DF and HVO com-
bustion process, different phases are formed (the pre-mixed controlled and mixing 
controlled phases), which are not characteristic of the SI engine. 
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Fig. 3 shows the HRR in graphic form, whereas Tab. 4 shows the most important 
test information for a GENSET load of 1.5 kW.  

 

Fig. 3 HRR at load 1.5 kW 

Tab. 4 Test data at load 1.5 kW 
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An mm 0.8 0.8 0.8 1.2 0.8 0.8 0.8 0.8 0.8 0.8 0.8 

r % 25 45 44 24 51 32 24 24 24 40 35 

tenv °C 24 18 18 22 24 26 21 19 20 26 25 

tintake °C 30 26 107 34 20 100 16 14 61 80 58 

tdeto °C   115   110   68 87 65 

BTDC deg 48 48 31 48 48 31 48 48 31 31 31 

toil °C 88 81 91 83 86 104 77 77 88 82 83 

ne rpm 3 008 3 060 2 976 3 019 3 001 3 011 3 026 3 057 3 000 3 020 3 019 

ƛ — 0.93 1.13 0.93 0.918 1.06 1.03 0.617 1.14 1.48 0.98 0.73 

Eteor J 363.5 332.5 348.0 368.7 350.0 312.7 580.5 308.2 229.3 415.7 473.0 

Bf kg/h 0.71 0.65 0.68 1.19 1.13 1.01 1.22 0.65 0.48 0.87 0.99 

Ba kg/h 9.73 10.88 9.32 9.84 10.88 9.42 11.08 10.90 10.46 12.62 10.70 

FDP deg –48-11 –48-15 –31-1 –48-8 –48-22 –31-19 –48-12 –48-12 –31-11 –31-18 –31-22

RBP deg 12-58 16-70 2-30 9-51 23-69 20-59 13-59 13-58 12-59 19-90 23-64 

ABP deg 59-138 71-138 31-50 52-136 70-140 60-139 60-135 59-137 60-137 91-141 65-139

MFB 
10 % 

deg 11 15 1 8 22 19 12 12 11 18 22 

MFB 
50 % 

deg 25 32 16 21 41 35 27 24 24 42 33 

MFB 
90 % 

deg 58 70 30 51 69 59 59 58 59 90 64 
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Based on the data in Tab. 4, the duration of the FDP when using an unheated EP 
AFM is 59°. Fig. 3 shows that the HRR’s progress is smooth. The RBP lasts for 47° 
and the total combustion process has a duration of 106°. When unheated EF fuel is 
used, the FDP is 56° and the RBP is 43°. The overall duration of combustion for the 
AFM is 89°. Fig. 3 shows that the progress of HRR from one phase to another is 
smooth. The FDP for Jet lasts for 60° and the RBP lasts for 47°. Fig. 3 shows that the 
HRR’s progress is smooth. The overall combustion duration is 107°. Combustion with 
EP and Jet AFM was relatively similar and no major differences in combustion phases 
were detected. EF differs from test data in terms of rapid combustion and energy re-
lease. Due to the high viscosity of Jet, a rich and less volatile fuel mixture with low 
quality evaporation is formed. Therefore it is important to ensure the more efficient 
evaporation of the fuel for the more efficient use of the Jet fuel.  

In EP tests with a cold HEX, the FDP is 63°. Fig. 3 shows that the HRR’s pro-
gress is smooth and, when compared to the test without HEX, the combustion of the 
AFM is delayed. The RBP lasts for 55° and the overall combustion duration is 118°. 
When using EF with a cold HEX, the FDP duration is 70°. The progress of HRR is 
smooth, and is comparable to the use of EP without the HEX test. When compared to 
the engine with factory settings, combustion is significantly delayed. The duration of 
the RBP is 47°. The total combustion duration of the AFM lasts for 117°. With the Jet 
AFM, the FDP lasts for 60°. The HRR graph shows that the rapid energy release is 
smooth, and is similar to the use of EP and Jet in engine with factory settings. The 
RBP is 46°. The overall combustion duration is 106°. The combustion of an EP AFM 
with a cold HEX is somewhat delayed, and its duration is longer. With an EF AFM, 
the FDP is 11° longer than it is when using the engine with factory settings, but the 
RBP is of the same length (47°). In the case of a cold HEX and Jet AFM, the combus-
tion process is the same as with the use of EP and Jet in an engine with factory 
settings. When comparing with and without a HEX, it appears that the use of a HEX 
prolongs the FDP and postpones the onset of heat release in the combustion process 
for EP and EF. This is due to the formation of a leaner AFM in the cylinder. When 
looking at the MFB50 data in the Tab. 4, it appears that the AFM’s ignition and com-
bustion take place later when using a HEX with EP and EF, when compared to the 
results seen in the use of the engine’s factory settings. When comparing Jet with tests 
which use heat exchange and those which do not use heat exchange, the combustion 
process is similar. In the case of this engine, delayed combustion is caused by the fact 
that the spark angle cannot be set for different loads, so the spark angle is set accord-
ing to the optimal loads for the engine. Additional air mixing with Jet in the HEX after 
carburetting did add combustion efficiency.  

The combustion of a heated EP AFM has a FDP of 32° and a RBP of 29°. The 
HRR’s graph is smooth, but the increase in heat release is sharper when compared to 
the engine using factory settings. The general combustion phase lasts for 61°. The 
heated EF AFM has a FDP of 50°. The RBP lasts for 40°. The HRR’s progress is simi-
lar to EP in an engine with factory settings, but occurs somewhat later. The overall 
combustion duration is 90°. The heated Jet AFM a FDP of 42°. The RBP is 48°. The 
overall combustion duration is 90°. For Jet, the combustion duration of the AFM is 
comparable to that of EF. EP’s combustion duration is around 30O shorter than that of 
Jet and EF.  

The heated DF AFM has a FDP of 49° and a RBP of 72°. The overall combustion 
duration is 121°. Fuel consumption is significantly higher than when using other fuels. 
The progress of the HRR’s graph is uneven and the energy release is also uneven. This 
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is due to the formation of combustion zones in the AFM. Similar to the light load test, 
two combustion phases are distinguishable. This can be attributed to the chemical and 
physical properties of the fuel. With a heated HVO (58 °C) AFM, the FDP is 53° and 
the RBP is 42°. The combustion duration is 95°. When using both HVO and DF, the 
HRR’s graph shows a clear differentiation of combustion phases, which is characteris-
tic of CI engines. For DF, there is an increase in HRR at crank angle degrees of −20 to 
−5, and for HVO, the same thing occurs at crank angle degrees of −12 to −3. This is 
due to the different fuel fractions of DF and HVO, where the light fractions evaporate 
and combust rapidly and only thereafter do the heavy fractions ignite.  

Heavy fraction fuels burn differently in the SI engine than do EP and EF fuels. In 
the combustion processes for DF and HVO, differentiable phases are formed (pre-
mixed controlled and mixing controlled phases), which are not characteristic of the SI 
engine. The ignition and combustion of the DF and HVO AFM in the engine’s cylin-
der is rapid and the heat release is short. The differences in the combustion processes 
of DF and HVO are due to the temperature of the AFM. Because HVO’s cetane num-
ber is significantly higher when compared to DF, the HVO AFM cannot be heated as 
much as the DF AFM can. At the same time, the high cetane figure for the fuel im-
proves the duration of the combustion process and the release of heat, which means 
that HVO releases energy evenly during the combustion process. The combustion of 
DF is uneven and cyclic when compared to HVO fuel. Based on the available data, no 
tests were carried out with DF and HVO fuel at a load of 2.0 kW because detonating 
combustion would take place in the cylinder at this spark angle. To be able to use DF 
and HVO at higher loads, an additional setting of the spark angle is necessary in order 
to prevent detonation during the combustion of the AFM. In the case of EP and EF, 
heating the AFM makes it possible to change the timing of the combustion phases and 
therefore to slightly improve the combustion efficiency of the AFM.  

Fig. 4 shows a graphic representation of the HRR, while Tab. 5 shows the 
most important test information for a GENSET load of 2.0 kW.  

 

Fig. 4 HRR at load 2.0 kW 

Based on the data in Tab. 5, the duration of the FDP when using an unheated 
EP AFM is 56°. Fig. 4 shows that the progress of HRR is smooth. The RBP lasts for 
40° and the total combustion process has a duration of 96°. When using unheated HEX 
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and EF, the FDP is 53° and the RBP is 27°. The overall duration of combustion for the 
AFM is 80°. Fig. 4 shows that the transition of HRR from one phase to another is 
smooth. The FDP for Jet lasts for 56°, and the RBP lasts for 30°. Fig. 4 shows that the 
progress of HRR is smooth. The overall combustion duration is 96°. Jet can be used in 
an unmodified engine, but the AFM is rich, which is due to the high viscosity of Jet. 
High viscosity prevents the efficient carburisation of the fuel, and a lean AFM pre-
vents the ignition of the AFM in the cylinder because the AFM does not contain 
enough evaporated fuel. Different AFM’s burned stably in the engine.  

Tab. 5 Test data at load 2.0 kW 
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An mm 0.8 0.8 0.8 1.2 1.2 1.2 0.8 0.8 0.8 

r % 25 46 45 24 51 31 24 24 24 

tenv °C 24 18 18 24 24 26 21 19 20 

tintake °C 23 23 42 26 37 50 23 30 35 

tdeto °C 32 28 53 33 18 50 16 13 45 

BTDC deg 48 48 48 48 31 31 48 48 48 

toil °C 93 85 90 86 87 105 78 82 85 

ne rpm 3 009 2 945 2 986 3 004 3 014 3 038 3 038 3 095 3 085 

ƛ — 0.87 1.13 0.86 0.84 1.13 1.03 0.68 1.129 1.4 

Eteor J 425.3 348.0 425.3 448.0 354.7 374.3 587.7 365.5 293.8 

Bf kg/h 0.83 0.68 0.83 1.44 1.14 1.20 1.23 0.77 0.62 

Ba kg/h 10.66 11.30 10.58 10.94 11.68 11.16 12.34 12.79 12.79 

FDP deg –48-8 –48-9 –31-17 –48-15 –48-15 –31-16 –48-8 –48-8 –31-8 

RBP deg 9-48 10-42 17-29 16-85 16-85 17-47 9-38 9-33 9-31 

ABP deg 49-139 43-140 30-48 86-138 91-140 48-139 39-138 34-138 32-130 

MFB 
10 % 

deg 8 9 1 5 17 16 8 8 8 

MFB 
50 % 

deg 23 22 15 16 32 30 20 19 19 

MFB 
90 % 

deg 48 42 29 32 53 47 38 33 31 

 

In EP tests with a cold HEX, the FDP is 57°. Fig. 4 shows that the progress of the 
HRR is smooth, and it is similar to the factory settings for the engine (using EP). The 
RBP lasts for 33° and the overall duration of combustion is 90°. When using EF, the 
duration of the FDP is 65° when applying a cold HEX. The progress of HRR is 
smooth, but when compared to the factory settings for the engine, combustion occurs 
significantly later. The RBP lasts for 36°. The duration of general combustion for the 
AFM is 101°. With a Jet AFM, the FDP lasts for 56°. The graph for the HRR shows 
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that heat release is steady but more rapid when compared to the engine’s factory set-
tings. The RBP lasts for 25°. The overall combustion duration is 81°. The combustion 
process for an EP and Jet AFM with a cold HEX is similar to that for the engine when 
using the factory settings. With EF fuel, the FDP is 10° longer than in an engine with 
the factory settings, but the RBP is 4° shorter. When looking at the MFB50 data in the 
table (Tab. 5), it appears that the EP and Jet values are similar when compared to the 
factory settings and to the cold HEX tests. The ignition and combustion of the EF 
AFM are both late when using a HEX, when compared to the results with the engine 
with factory settings. 

The combustion of the heated EP AFM (53 °C) has a FDP of 32° and a RBP of 
28°. The progress of the HRR is smooth. The general combustion duration lasts for 
60°. With the heated EF AFM (50 °C), the FDP is 47°. The RBP lasts for 31°. The 
HRR progresses smoothly. The overall combustion duration is 78°. The heated Jet 
AFM has a FDP of 39° and the RBP is 23°. The overall combustion duration is 62°. 
The progress of HRR is uneven and a sudden release of energy occurs in the range of 
20-25 CAD in the combustion process, which characterises detonating combustion in 
the cylinder. Therefore it is recommended that the spark angle of the engine be set 
somewhat later to ensure a more stable heat release in the cylinder. Based on MFB50 
data, heating the AFM accelerates the FDP and the RBP in the combustion process of 
the fuels.  

The above results show that the use of heavy fuel fractions in the SI engine is ef-
fective mainly at low and medium loads. At high loads, the combustion of fuels causes 
problems due to the chemical and physical properties of the heavy fuel fractions.  

The preheating system allows to use different fuels in the spark ignition engine, 
but in practical use, following aspects are important: 

• the combustion of the heated fuel mixture is faster and the ignition timing needs 
to be delayed, which depends on the used fuel, 

• when diesel fuel is used, the fuel flow must be limited, 
• in order to control the heated fuel mixture temperature accurately, the heat ex-

changer must be isolated.  

4 Conclusions 

In the course of the research, tests were carried out in order to see the effect of a heat-
ed AFM on the SI engine’s combustion process. Heating the AFM permits the use of 
heavy fraction fuels in SI engines, such as diesel or biodiesel. The engine tests were 
carried out and the results were as follows: 

At a load of 1 kW: In the unmodified engine, Jet can be used in addition to EP 
and EF, but the AFM is rich under such circumstances, which is due to the high vis-
cosity of Jet. High viscosity prevents the efficient carburisation of the fuel, and a lean 
AFM prevents the ignition of the AFM in the cylinder because the AFM does not con-
tain enough evaporated fuel. Therefore, in order to use Jet more efficiently, it is 
important to ensure the more efficient evaporation of the fuel. The onset of the com-
bustion of the EP AFM with a cold HEX occurs later and its duration is longer. With 
EF, the FDP is nine degrees longer than in an engine which is still using the factory 
settings, but the RBP is 9° shorter. In the case of a cold HEX and a Jet AFM, the com-
bustion process takes place somewhat later than it does in an engine which has its 
factory settings intact. When comparing systems with and without a HEX, it can be 
seen that the use of a HEX prolongs the FDP and postpones the onset of heat release in 
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the combustion process when using EP and Jet. This is due to the formation of a lean 
AFM in the cylinder. Based on the MFB50 data, it appears that the AFM’s ignition 
and combustion phases are delayed with all fuels when using a HEX, when compared 
to an engine with its factory settings. In the case of the engine that was tested, delayed 
combustion is caused by the fact that the spark angle cannot be set for different loads, 
so the spark angle had to be set for high engine loads alone. 

When comparing the tests between hot and cold EP and EF AFM´s, the use of 
a heated AFM serves to delay combustion. This is due to the use of a leaner AFM 
when heating. When compared to the tests that were carried out with a hot and cold Jet 
AFM, the combustion duration of the AFM is about 12° shorter. Consequently it can 
be concluded that the timing of the combustion phases changes when the AFM is heat-
ed. Heavy fraction fuels burn somewhat differently in the SI engine than they do with 
the EP and EF fuels. In the combustion process for DF and HVO, differentiable phases 
are formed (in the premixed controlled and mixing controlled phases), which are not 
characteristic of the SI engine. 

At a load of 1.5 kW: In the case of an engine with a normal setting, the combus-
tion of EP and Jet AFM`s is relatively similar and no major differences were detected 
in combustion phases. In the test data, EF is characterised by faster combustion and 
heat release. Due to the high viscosity of Jet, a rich and less volatile AFM is formed. 
Therefore, in order to use Jet more efficiently, it is important to ensure a more efficient 
evaporation of the fuel. The combustion start of EP with a cold HEX takes place later 
and lasts longer. With EF, the FDP is 11° longer than it is in an engine which is using 
the factory settings, but the rapid-burning phase has the same length (47°). In the case 
of a cold HEX and a Jet AFM, the combustion process is similar to the use of EP and 
Jet in an engine with factory settings. When comparing the systems with and without 
a HEX, it appears that the use of a HEX prolongs the FDP and postpones the onset of 
heat release in the combustion process using EP and EF. This is due to the formation 
of a leaner AFM in the cylinder. Based on MFB50 data in the table, it appears that the 
AFM’s ignition and combustion are delayed with EP and EF when using a HEX, when 
compared to the engine with factory settings. When comparing Jet with and without 
a HEX, the combustion process is similar. In the case of the engine that was tested, 
delayed combustion is caused by the fact that the spark angle cannot be set for differ-
ent loads, so the spark angle has to be set for optimum engine loads instead. 
Additional AFM with Jet fuel after carburetting in a HEX added combustion efficien-
cy. This is also confirmed by the value of the ƛ, which is significantly higher when 
compared to the test without a HEX.  

For Jet, the combustion duration of the heated AFM is comparable to that of EF 
fuel. EP’s combustion duration is around 30° shorter than that of Jet and EF. Heavy 
fraction fuels combust differently in the SI engine at this load when compared to EP 
and EF fuels. In the combustion process for DF and HVO, differentiable phases are 
formed (premixed controlled and mixing controlled phases), which are not characteris-
tic of the SI engine. The ignition and combustion of DF and HVO AFM in the 
engine’s cylinder are rapid, and the heat release phase is short. The differences in the 
combustion processes for DF and HVO are due to the temperature of the AFM. As the 
cetane figure for HVO is significantly higher than that of DF, the HVO AFM cannot 
be heated as much as the DF AFM can. At the same time, the high cetane figure for 
the fuel improves the speed of the combustion process and the heat release, so that 
HVO releases heat evenly during its combustion. The combustion of DF is uneven and 
cyclic by comparison with HVO. Based on the data, no tests were carried out with DF 
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and HVO fuel at a load of 2.0 kW because detonating combustion would take place in 
the cylinder at such a spark angle. To use DF and HVO at higher loads, an additional 
setting of the spark angle is necessary in order to prevent any detonation during the 
combustion of the AFM. In the case of EP and EF, heating the AFM makes it possible 
to change the timing of the combustion phases and thereby to slightly improve the 
combustion efficiency of the AFM. 

At a load of 2 kW: Jet fuel can be used in an unmodified engine, but the fuel 
mixture used is rich, which is due to the high viscosity of Jet. High viscosity prevents 
the fuel from being effectively carburised, and a lean AFM prevents the ignition of the 
AFM in the cylinder because the AFM does not contain enough evaporated fuel. Dif-
ferent AFM-s burned stably in the engine. The combustion process for an EP and Jet 
AFM with a cold HEX is similar to that of the engine with the factory settings. With 
EF, the FDP is 10° longer than it is in an engine which has the factory settings, but the 
RBP is 4° shorter. Based on MFB50 data, it appears that the values for EP and Jet are 
similar to those of the factory settings and the cold HEX tests. The ignition and com-
bustion of the EF AFM are delayed when using a HEX, in comparison with the engine 
at its factory settings. With the heated Jet AFM, the HRR’s progress is uneven and 
there is a sudden release of heat in the combustion process, which illustrates a detonat-
ing combustion in the cylinder. Therefore it is recommended that the engine’s spark 
angle be set somewhat later to ensure a more stable heat release in the cylinder. Based 
on MFB50 data, the heating of the AFM accelerates the FDP and the RBP in the com-
bustion process for the fuels. 
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Institute of  Computer Engineering, Computer Institute of  Computer Engineering, Computer 
Systems Design Chair. Research paper on the topic: Systems Design Chair. Research paper on the topic: 
"Topology and technology of  the computer network "Topology and technology of  the computer network 
of  the brigade headquarters". Tallinn University of  of  the brigade headquarters". Tallinn University of  
TechnologyTechnology

2003-2004  MMAS studies (military science), Senior staff  officer 2003-2004  MMAS studies (military science), Senior staff  officer 
for operational and strategic level, Finnish National for operational and strategic level, Finnish National 
Defense College. Research paper on "Commercial of  Defense College. Research paper on "Commercial of  
The Self  products in the Defense Forces". Finnish The Self  products in the Defense Forces". Finnish 
National Defense UniversityNational Defense University

1997-2001  B.S MAS studies, advanced studies in pedagogy and 1997-2001  B.S MAS studies, advanced studies in pedagogy and 
communication field, Diploma thesis on "Võru Combat communication field, Diploma thesis on "Võru Combat 
School of  the Estonian Defense Forces leadership School of  the Estonian Defense Forces leadership 
culture compared to transformational leadership". culture compared to transformational leadership". 
Finnish National Defense UniversityFinnish National Defense University

CareerCareer
1994-1997  Military Police platoon leader of  the Estonian Defense 1994-1997  Military Police platoon leader of  the Estonian Defense 

Forces Combat School. I started the training of  military Forces Combat School. I started the training of  military 
police sergeants in the Estonian Defense Forces. police sergeants in the Estonian Defense Forces. 
Ministry of  Defense.Ministry of  Defense.

1997-2001  Finnish foreign student of  the Joint Educational 1997-2001  Finnish foreign student of  the Joint Educational 
Institutions of  the Estonian Defense Forces, Cadet Institutions of  the Estonian Defense Forces, Cadet 
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School (junior officer). Finnish National Defense School (junior officer). Finnish National Defense 
University.University.

2001-2002  Lecturer of  infantry and communication (C2) tactics 2001-2002  Lecturer of  infantry and communication (C2) tactics 
of  the department of  tactics of  the Estonian Defense of  the department of  tactics of  the Estonian Defense 
Forces United Educational Institutions. Ministry of  Forces United Educational Institutions. Ministry of  
Defense.Defense.

2002-2004  Chief  of  the operational and training section (S3) of  2002-2004  Chief  of  the operational and training section (S3) of  
the Headquarters and Signal Battalion, 1st Deputy the Headquarters and Signal Battalion, 1st Deputy 
Chief  of  Staff. Ministry of  Defense.Chief  of  Staff. Ministry of  Defense.

2004-2007  Commander of  the Võru Combat School of  the 2004-2007  Commander of  the Võru Combat School of  the 
Estonian Defense Forces. The transition of  the Battle Estonian Defense Forces. The transition of  the Battle 
School to a military vocational training institution, the School to a military vocational training institution, the 
reorganization of  the logistics service and supporting reorganization of  the logistics service and supporting 
the creation of  the Võru Garrison Logistic Center, the creation of  the Võru Garrison Logistic Center, 
optimizing the Battle School structure, launching the optimizing the Battle School structure, launching the 
infantry specialty course for senior non-commissioned infantry specialty course for senior non-commissioned 
officers (NCO), launching the company NCO and staff  officers (NCO), launching the company NCO and staff  
NCO courses. Launching the Reserve Officers Wartime NCO courses. Launching the Reserve Officers Wartime 
Battalion Staff  Officer Course. Ministry of  Defense.Battalion Staff  Officer Course. Ministry of  Defense.

2007-2009  Software production manager OÜ Playtech, Internet 2007-2009  Software production manager OÜ Playtech, Internet 
casino software production management.casino software production management.

2009-2010  CEO of  the Estonian Defense Industry Union. 2009-2010  CEO of  the Estonian Defense Industry Union. 
Starting EDIU. Mapping the potentials of  members. Starting EDIU. Mapping the potentials of  members. 
Preparation and participation of  the EDIU Preparation and participation of  the EDIU 
representative at the security and defense industry representative at the security and defense industry 
exhibition with an Estonian stand. „Eurosatory 2010“.exhibition with an Estonian stand. „Eurosatory 2010“.

2010-2014  Chief  of  Staff  of  the Cyber Defense Unit of  the 2010-2014  Chief  of  Staff  of  the Cyber Defense Unit of  the 
Defense League. Unit preparation for formation. Defense League. Unit preparation for formation. 
Creating the foundations of  the organization and Creating the foundations of  the organization and 
preparing legislative changes. Unit training and preparing legislative changes. Unit training and 
organization of  exercises (Kübersiil 2011, Cyber Fever organization of  exercises (Kübersiil 2011, Cyber Fever 
2012, Spring Storm 2012, 2013, 2014, 2015, Saber Strike 2012, Spring Storm 2012, 2013, 2014, 2015, Saber Strike 
2012), organization of  unit security, management of  2012), organization of  unit security, management of  
staff  work. Ministry of  Defense.staff  work. Ministry of  Defense.

2014-2019  Head of  the Department of  Natural and Exact 2014-2019  Head of  the Department of  Natural and Exact 
Sciences of  the Defense Forces Joint Educational Sciences of  the Defense Forces Joint Educational 
Institutions, lecturer in military technology. Ministry of  Institutions, lecturer in military technology. Ministry of  
Defense.Defense.
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2019-2021  Baltic Defense College. Lecturer on NATO Joint 2019-2021  Baltic Defense College. Lecturer on NATO Joint 
Operations, Cyber Operations and Electronic Warfare. Operations, Cyber Operations and Electronic Warfare. 
Ministry of  Defense.Ministry of  Defense.

TeachingTeaching
1994-1997  Infantry and Military Police Platoon Level Tactics.1994-1997  Infantry and Military Police Platoon Level Tactics.
2001-2002   Infantry Battalion Level Tactics.2001-2002   Infantry Battalion Level Tactics.
2002-2004  Teaching infantry, military police and signal tactics and 2002-2004  Teaching infantry, military police and signal tactics and 

electronic warfare (EW).electronic warfare (EW).
2004-2007  Tactical and operational level infantry and signal tactics.2004-2007  Tactical and operational level infantry and signal tactics.
2010-2014   Cyber operations (DCO&OCO) and EW.2010-2014   Cyber operations (DCO&OCO) and EW.
2014-2019  Military technologies: off  grid distribution networks, 2014-2019  Military technologies: off  grid distribution networks, 

EW, movement and fire on the battlefield, fire EW, movement and fire on the battlefield, fire 
effectiveness.effectiveness.

2019-2021   Operational level DCO&OCO and EW.2019-2021   Operational level DCO&OCO and EW.

Military ranksMilitary ranks
1994  Junior Sergeant1994  Junior Sergeant
1995 Master Sergeant1995 Master Sergeant
1996  Sergeant Major1996  Sergeant Major
1997  Ensign1997  Ensign
2001  2nd Lieutenant2001  2nd Lieutenant
2002  1st Lieutenant2002  1st Lieutenant
2004 Captain2004 Captain
2012  Major2012  Major
2018  Lieutenant Colonel2018  Lieutenant Colonel

Training and coursesTraining and courses
1994  Battle School of  the Estonian Defense Forces, basic 1994  Battle School of  the Estonian Defense Forces, basic 

course (Junior Sergeant) for senior non-commissioned course (Junior Sergeant) for senior non-commissioned 
officers.officers.

1994  Swedish Ministry of  Defense, Wartime Military Police 1994  Swedish Ministry of  Defense, Wartime Military Police 
(MP) platoon commander and peacetime MP company (MP) platoon commander and peacetime MP company 
commander course.commander course.

1996 Finnish National Defense Colleague (MPK), military 1996 Finnish National Defense Colleague (MPK), military 
teacher's course, which deepened pedagogical teacher's course, which deepened pedagogical 
knowledge and skills for organizing and conducting knowledge and skills for organizing and conducting 
training at the company level in peacetime. In addition, training at the company level in peacetime. In addition, 
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the course prepared for the post of  wartime infantry the course prepared for the post of  wartime infantry 
company commander.company commander.

2003  Finnish National Defense University (MPKK). Wartime 2003  Finnish National Defense University (MPKK). Wartime 
Battalion Commander's Course.Battalion Commander's Course.

2005  University of  Tartu. Professional further training of  2005  University of  Tartu. Professional further training of  
managers of  educational institutions.managers of  educational institutions.

2010  Maryland National Guard, 175th Cyber Wing & 2010  Maryland National Guard, 175th Cyber Wing & 
NCA, Prepared and conducted Critical Information NCA, Prepared and conducted Critical Information 
Infrastructure exercises for senior political leadership.Infrastructure exercises for senior political leadership.

2011  Commander of  the Signal and Staff  Company of  the 2011  Commander of  the Signal and Staff  Company of  the 
Southern Defense District, command of  the C2 and Southern Defense District, command of  the C2 and 
staff  company during the war.staff  company during the war.

2016  NSO - NATO School of  Oberammergau, CREVAL 2016  NSO - NATO School of  Oberammergau, CREVAL 
Course, assessment of  combat readiness of  NATO Course, assessment of  combat readiness of  NATO 
units.units.

2019  Baltic Defense College, NATO Joint Operation 2019  Baltic Defense College, NATO Joint Operation 
Planning Course.Planning Course.
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ELULOOKIRJELDUS

KontaktinfoKontaktinfo
Nimi:   Veljo RaideNimi:   Veljo Raide
Sünniaeg:  08.08.1972Sünniaeg:  08.08.1972
Aadress:  Eesti Maaülikool Fr.R. Kreutzwaldi 56/1, Tartu, 51006Aadress:  Eesti Maaülikool Fr.R. Kreutzwaldi 56/1, Tartu, 51006
Tel:   +372 56856182Tel:   +372 56856182
E-post:  veljo.raide@student.emu.eeE-post:  veljo.raide@student.emu.ee

HaridusHaridus
2015-2022  doktoriõpe, Tehnikateadus, Eesti Maaülikool2015-2022  doktoriõpe, Tehnikateadus, Eesti Maaülikool
2002-2004  Sc.M õpingud, Infotehnoloogia teaduskond, 2002-2004  Sc.M õpingud, Infotehnoloogia teaduskond, 

Arvutitehnika Instituut, Arvutisüsteemide Arvutitehnika Instituut, Arvutisüsteemide 
projekteerimis õppetool. Uurimustöö teemal: „Brigaadi projekteerimis õppetool. Uurimustöö teemal: „Brigaadi 
staabi arvutivõrgu topoloogia ja tehnoloogia“. Tallinna staabi arvutivõrgu topoloogia ja tehnoloogia“. Tallinna 
TehnikaülikoolTehnikaülikool

2003-2004  MMAS-i õpingud (sõjateadus), Vanem staabiohvitser 2003-2004  MMAS-i õpingud (sõjateadus), Vanem staabiohvitser 
operatiivsele ja strateegilisele tasemele, Soome operatiivsele ja strateegilisele tasemele, Soome 
Riigikaitse Kõrgkool. Uurimustöö teemal „Commercial Riigikaitse Kõrgkool. Uurimustöö teemal „Commercial 
of  The Self  products in the Defence Forces”. Soome of  The Self  products in the Defence Forces”. Soome 
Riigikaitse KõrgkoolRiigikaitse Kõrgkool

1997-2001  B.S MAS õpingud, süvendatud õpingud pedagoogikas 1997-2001  B.S MAS õpingud, süvendatud õpingud pedagoogikas 
ja sideerialal, Diplomitöö teemal „Võru Combat School ja sideerialal, Diplomitöö teemal „Võru Combat School 
of  the Estonian Defense Forces leadership culture of  the Estonian Defense Forces leadership culture 
compared to transformational leadership”. Soome compared to transformational leadership”. Soome 
Riigikaitse KõrgkoolRiigikaitse Kõrgkool

KarjäärKarjäär
1994-1997  Kaitseväe Lahingukooli sõjaväepolitsei 1994-1997  Kaitseväe Lahingukooli sõjaväepolitsei 

õpperühmaülem. Käivitasin Eesti kaitseväes õpperühmaülem. Käivitasin Eesti kaitseväes 
sõjaväepolitsei seersantide väljaõpetamise. sõjaväepolitsei seersantide väljaõpetamise. 
Kaitseministeerium.Kaitseministeerium.

1997-2001  Kaitseväe Ühendatud Õppeasutuste Soome välisõppur, 1997-2001  Kaitseväe Ühendatud Õppeasutuste Soome välisõppur, 
Kadetikool (noorem ohvitser). Soome Riigikaitse Kadetikool (noorem ohvitser). Soome Riigikaitse 
Kõrgkool.Kõrgkool.

2001-2002  Kaitseväe Ühendatud Õppeasutuste õppeosakonna 2001-2002  Kaitseväe Ühendatud Õppeasutuste õppeosakonna 
taktika õppetooli taktika õppesuuna jalaväe- ja taktika õppetooli taktika õppesuuna jalaväe- ja 
sidetaktika õppejõud. Kaitseministeerium.sidetaktika õppejõud. Kaitseministeerium.
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2002-2004  Staabi- ja Sidepataljoni operatiiv- ja väljaõppesektsiooni 2002-2004  Staabi- ja Sidepataljoni operatiiv- ja väljaõppesektsiooni 
ülem staabiülema I asetäitja. Kaitseministeerium.ülem staabiülema I asetäitja. Kaitseministeerium.

2004-2007  Kaitseväe Võru Lahingukooli ülem. Lahingukooli 2004-2007  Kaitseväe Võru Lahingukooli ülem. Lahingukooli 
üleminek kutseõppeasutuseks, tagalateenistuse üleminek kutseõppeasutuseks, tagalateenistuse 
ümberkorraldamine ja Võru Garnisoni Tagalakeskuse ümberkorraldamine ja Võru Garnisoni Tagalakeskuse 
loomise toetamine, struktuuri optimeerimine, loomise toetamine, struktuuri optimeerimine, 
vanemallohvitseride jalaväe erialakursuse käivitamine, vanemallohvitseride jalaväe erialakursuse käivitamine, 
kompaniiveebli ja staabiveebli kursuste käivitamine. kompaniiveebli ja staabiveebli kursuste käivitamine. 
Reservohvitseride sõjaaja pataljoni staabiohvitseride Reservohvitseride sõjaaja pataljoni staabiohvitseride 
kursuse käivitamine. Kaitseministeerium.kursuse käivitamine. Kaitseministeerium.

2007-2009  Tarkvara tootmisjuht OÜ Playtech, Interneti kasiino 2007-2009  Tarkvara tootmisjuht OÜ Playtech, Interneti kasiino 
tarkvara tootmise juhtimine.tarkvara tootmise juhtimine.

2009-2010  Tegevjuht Eesti Kaitsetööstuse Liidus. EKTL töö 2009-2010  Tegevjuht Eesti Kaitsetööstuse Liidus. EKTL töö 
käivitamine. Liikmete potentsiaalide kaardistamine. käivitamine. Liikmete potentsiaalide kaardistamine. 
EKTL esinduse ettevalmistamine ja osalemine Eesti EKTL esinduse ettevalmistamine ja osalemine Eesti 
stendiga sõjatööstusnäitusel stendiga sõjatööstusnäitusel 
EUROSATORY 2010.EUROSATORY 2010.

2010-2014  Kaitseliidu Küberkaitse üksuse staabiülem. Üksuse 2010-2014  Kaitseliidu Küberkaitse üksuse staabiülem. Üksuse 
moodustamise ettevalmistamine. Organisatsiooni moodustamise ettevalmistamine. Organisatsiooni 
aluste loomine ja seadusandluslike muudatuste aluste loomine ja seadusandluslike muudatuste 
ettevalmistamine. Üksuse väljaõppe ning ettevalmistamine. Üksuse väljaõppe ning 
õppuste (Kübersiil 2011, Küberpalavik 2012, õppuste (Kübersiil 2011, Küberpalavik 2012, 
Kevadtorm 2012, 2013, 2014, 2015, Saber Strike 2012) Kevadtorm 2012, 2013, 2014, 2015, Saber Strike 2012) 
korraldamine, üksuse julgeoleku organiseerimine, korraldamine, üksuse julgeoleku organiseerimine, 
staabitöö juhtimine. Kaitseministeerium.staabitöö juhtimine. Kaitseministeerium.

2014-2019 Kaitseväe Ühendatud Õppeasutuste Loodus- ja 2014-2019 Kaitseväe Ühendatud Õppeasutuste Loodus- ja 
Täppisteaduste Õppetooli ülem, sõjatehnoloogia Täppisteaduste Õppetooli ülem, sõjatehnoloogia 
õppejõud. Kaitseministeerium.õppejõud. Kaitseministeerium.

2019-2021 Balti Kaitsekolledzi. NATO Ühendoperatsioonide, 2019-2021 Balti Kaitsekolledzi. NATO Ühendoperatsioonide, 
Küberoperatsioonide ja Elektroonilise võitluse Küberoperatsioonide ja Elektroonilise võitluse 
õppejõud. Kaitseministeerium.õppejõud. Kaitseministeerium.

ÕpetamineÕpetamine
1994-1997 Jalaväe- ja sõjaväepolitsei rühma taseme taktika.1994-1997 Jalaväe- ja sõjaväepolitsei rühma taseme taktika.
2001-2002  Jalaväe pataljoni taseme taktika.2001-2002  Jalaväe pataljoni taseme taktika.
2002-2004 Jalaväe-, sõjaväepolitsei- ja sidetaktika ning 2002-2004 Jalaväe-, sõjaväepolitsei- ja sidetaktika ning 

elektroonilise võitluse õpetamine.elektroonilise võitluse õpetamine.
2004-2007  Taktikalise- ja operatiivse taseme jalaväe- ja sidetaktika2004-2007  Taktikalise- ja operatiivse taseme jalaväe- ja sidetaktika
2010-2014 Küberoperatsioonid ja elektrooniline võitlus.2010-2014 Küberoperatsioonid ja elektrooniline võitlus.



176

2014-2019 Militaartehnoloogiad: välielektrivõrgud, elektrooniline 2014-2019 Militaartehnoloogiad: välielektrivõrgud, elektrooniline 
võitlus, liikumine ja tuli lahinguväljal, tule efektiivsus.võitlus, liikumine ja tuli lahinguväljal, tule efektiivsus.

2019–2021  Operatiivtaseme küberoperatsioonid ja EW.2019–2021  Operatiivtaseme küberoperatsioonid ja EW.

Sõjaväelised auastmedSõjaväelised auastmed
1994  nooremveebel  1994  nooremveebel  
1995  veebel1995  veebel
1996  vanemveebel1996  vanemveebel
1997  lipnik1997  lipnik
2001  nooremleitnant2001  nooremleitnant
2002  leitnant2002  leitnant
2004  kapten2004  kapten
2012  major2012  major
2018  kolonel leitnant2018  kolonel leitnant

Koolitused ja kursusedKoolitused ja kursused
1994 KV Võru Lahingukool, Vanemallohvitseride baaskursus 1994 KV Võru Lahingukool, Vanemallohvitseride baaskursus 
1994  Rootsi Kaitseministeerium, Sõjaaja sõjaväepolitsei (SP) 1994  Rootsi Kaitseministeerium, Sõjaaja sõjaväepolitsei (SP) 

rühma ülema ja rahuaja SP kompaniiülema kursus.rühma ülema ja rahuaja SP kompaniiülema kursus.
1996 Soome Riigikaitse Kool (MPK), Õpetaja kursus, 1996 Soome Riigikaitse Kool (MPK), Õpetaja kursus, 

mis süvendas pedagoogilisi teadmisi ja oskusi mis süvendas pedagoogilisi teadmisi ja oskusi 
õppetöö organiseerimiseks ja läbiviimiseks rahuajal õppetöö organiseerimiseks ja läbiviimiseks rahuajal 
kompanii tasemel. Lisaks valmistas kursus ette sõjaaja kompanii tasemel. Lisaks valmistas kursus ette sõjaaja 
jalaväekompanii ülema ametikohale.jalaväekompanii ülema ametikohale.

2003 Soome Riigikaitse Kõrgkool (MPKK). Sõjaaja 2003 Soome Riigikaitse Kõrgkool (MPKK). Sõjaaja 
pataljoniülema kursus.pataljoniülema kursus.

2005 Tartu Ülikool. Haridusasutuste juhtide tööalane 2005 Tartu Ülikool. Haridusasutuste juhtide tööalane 
täiendkoolitus.täiendkoolitus.

2010 Maryland Rahvuskaart, 175th Cyber Wing & NCA, 2010 Maryland Rahvuskaart, 175th Cyber Wing & NCA, 
Kriitilise Informatsiooni Infrastruktuuri õppuste Kriitilise Informatsiooni Infrastruktuuri õppuste 
ettevalmistamine ja korraldamine kõrgemale poliitilisele ettevalmistamine ja korraldamine kõrgemale poliitilisele 
juhtkonnale.juhtkonnale.

2011 Lõuna Kaitseringkonna Side- ja Staabikompanii ülem, 2011 Lõuna Kaitseringkonna Side- ja Staabikompanii ülem, 
sõjaaja side- ja staabikompanii juhtimine.sõjaaja side- ja staabikompanii juhtimine.

2016 NSO - NATO School of  Oberammerga, CREVAL 2016 NSO - NATO School of  Oberammerga, CREVAL 
Course, NATO üksuste lahingvalmiduse hindamineCourse, NATO üksuste lahingvalmiduse hindamine

2019 Baltic Defence College, NATO Joint Operation 2019 Baltic Defence College, NATO Joint Operation 
Planning Course.Planning Course.
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LIST OF CONFERENCE PRESENTATIONS

Oral presentations at international conferences:Oral presentations at international conferences:

Biosystems EngineeringBiosystems Engineering

Biosystems Engineering 2016, 12-13.05.2016, Tartu, Estonia, „Study of  Biosystems Engineering 2016, 12-13.05.2016, Tartu, Estonia, „Study of  
prior art of  free-piston engine“, Veljo Raide, Jüri Olt, Risto Ilves, Arne prior art of  free-piston engine“, Veljo Raide, Jüri Olt, Risto Ilves, Arne 
Küüt.Küüt.

Biosystems Engineering 2018, 09-11.05.2018, Tartu, Estonia, „The Biosystems Engineering 2018, 09-11.05.2018, Tartu, Estonia, „The 
impact of  the heat exchange reactor for the exhaust gas emissions of  impact of  the heat exchange reactor for the exhaust gas emissions of  
spark ignition engine“, Veljo Raide, Risto Ilves, Arne Küüt, Jüri Olt.spark ignition engine“, Veljo Raide, Risto Ilves, Arne Küüt, Jüri Olt.

Biosystems Engineering 2019, 07-09.05.2019, Tartu, Estonia, „Air-Fuel Biosystems Engineering 2019, 07-09.05.2019, Tartu, Estonia, „Air-Fuel 
Mixture Processing System for a Spark Ignition Engine“, Veljo Raide, Mixture Processing System for a Spark Ignition Engine“, Veljo Raide, 
Risto Ilves, Jüri Olt.Risto Ilves, Jüri Olt.

Biosystems Engineering 2021, 05-7.05.2021, Tartu, Estonia, „Air-Fuel Biosystems Engineering 2021, 05-7.05.2021, Tartu, Estonia, „Air-Fuel 
Mixture Processing System for a Spark Ignition Engine“, Veljo Raide, Mixture Processing System for a Spark Ignition Engine“, Veljo Raide, 
Risto Ilves, Jüri Olt.Risto Ilves, Jüri Olt.

Engineering for Rural DevelopmentEngineering for Rural Development

Engineering for Rural Development 2018, 23-25.2018. Jelgava, Läti, Engineering for Rural Development 2018, 23-25.2018. Jelgava, Läti, 
„Development of  Heat Exchange Reactor for Preparation of  Air-fuel „Development of  Heat Exchange Reactor for Preparation of  Air-fuel 
Mixture in Spark Ignition Engine“, Veljo Raide, Risto Ilves, Arne Küüt, Mixture in Spark Ignition Engine“, Veljo Raide, Risto Ilves, Arne Küüt, 
Jüri Olt.Jüri Olt.

Engineering for Rural Development 2021, 27.05.2021. Jelgava, Läti, Engineering for Rural Development 2021, 27.05.2021. Jelgava, Läti, 
„Developing and testing an air-fuel mixture heating system for an „Developing and testing an air-fuel mixture heating system for an 
internal combustion engine“, Veljo Raide, Risto Ilves, Jüri Olt.internal combustion engine“, Veljo Raide, Risto Ilves, Jüri Olt.

TransbalticaTransbaltica

Transbaltica 2017, 4-5.05.2017, Vilnius, Lithuania, „Influence of  Transbaltica 2017, 4-5.05.2017, Vilnius, Lithuania, „Influence of  
European Union Directives on the Use of  Liquid Biofuel in the transport European Union Directives on the Use of  Liquid Biofuel in the transport 
Sector“, Arne Küüt, Risto Ilves, Keio Küüt, Veljo Raide, Kaie Ritslaid, Sector“, Arne Küüt, Risto Ilves, Keio Küüt, Veljo Raide, Kaie Ritslaid, 
Jüri Olt.Jüri Olt.
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Poster presentations at international conferences:Poster presentations at international conferences:

Biosystems Engineering 20201, 05-07.05.2020, Tartu, Estonia, „Study Biosystems Engineering 20201, 05-07.05.2020, Tartu, Estonia, „Study 
on performance of  compression engine operated by biodiesel“, Veljo on performance of  compression engine operated by biodiesel“, Veljo 
Raide, Risto Ilves, Jüri Olt.Raide, Risto Ilves, Jüri Olt.

Presentation at doctoral seminars:Presentation at doctoral seminars:

Doctoral seminar, 14.03. 2018, EEC, Tartu, Estonia, "Heat Exchange Doctoral seminar, 14.03. 2018, EEC, Tartu, Estonia, "Heat Exchange 
Based Spark Ignition Engine Fuel Supply System", Veljo Raide.Based Spark Ignition Engine Fuel Supply System", Veljo Raide.

Doctoral seminar, 29.11. 2019, EEC, Tartu, Estonia, "Effect of  air-fuel Doctoral seminar, 29.11. 2019, EEC, Tartu, Estonia, "Effect of  air-fuel 
mixture heating on spark ignition engine", Veljo Raide.mixture heating on spark ignition engine", Veljo Raide.
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VIIS VIIMAST KAITSMIST

CARMEN KIVISTIK 
MAGE- JA RIIMVEELIST MIKROOBSET ELUSTIKKU MÕJUTAVAD 

ÖKOFÜSIOLOOGILISED MEHHANISMID
ECOPHYSIOLOGICAL MECHANISMS CHARACTERIZING THE FRESH- AND 

BRACKISH MICROBIOTA
Professor Daniel Philipp Ralf Herlemann, dr. Kairi Käiro, teadur Helen Tammert
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