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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.  
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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: 
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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 cm
3
 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 mm
2
 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 ne = 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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