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Abstract: This paper presents the current situation regarding the development of the supply infrastructure of 
compressed natural gas (CNG) and liquefied natural gas (LNG) as well as the supply systems of vehicles with these 
alternative fuels. The results of experimental studies on the use of natural gas mixed with hydrogen as a fuel for 
spark-ignition engines are highlighted, considering current legislation on pollutant emissions. The results show the 
advantages in terms of combustion process and combustion velocity in the spark ignited engine fueled with natural 
gas improved by mixing with hydrogen. Emissions of hydrocarbons (HC), carbon dioxide (CO2), and carbon 
monoxide (CO) decrease with the increasing percentage of hydrogen. Normally the nitrogen oxide emissions (NOx) 
increase with the increasing of hydrogen fraction in mixed fuel due to higher temperatures of cylinder charge. 
Hydrogen enrichment extends the combustion limit of compressed hydrogen-natural gas (HGNC) mixtures. The 
addition of hydrogen (H2) in volumetric fractions of 20-30% in natural gas can be an effective short-term solution to 
the globally huge problem of greenhouse gases, without requiring significant changes to current technologies used 
in engines. To obtain significantly improved performance characteristics, the compression ratio of the engine can be 
increased when using CNG mixed with H2 due to the higher-octane number than for petrol. 

 
Keywords: CNG, Hydrogen, Emissions, Spark-ignition Engine 

 

1. INTRODUCTION 
 
With increasingly stringent pollution rules demands, carmakers are trying to adapt alternative propulsion 
solutions using new energy sources other than fossil fuels. One alternative is compressed natural gas 
(CNG), which is natural gas stored in pressure vessel tanks (200-250 bar) for use as fuel for heat engine 
vehicles. Another alternative solution is hydrogen (H2) which is a tasteless, colorless, and odorless gas. 
This gas does not include carbon atoms in its molecule; after combustion (oxidation), no polluting gases 
such as carbon dioxide (CO2), hydrocarbons (HC) and carbon monoxide (CO) results. The mixture of 
hydrogen and natural gas in different fractions called HCNG (Hydrogen-Natural Gas Mixture) can be 
considered a motor fuel, without requiring major changes to the internal combustion engine. The benefits 
of these fuels would be that they are less polluting, renewable, and more economically viable than petrol. 
 
2. FUELS AND PROPERTIES 
 
2.1 Fuel classification 
Conventional fuels used in internal combustion engines are petroleum in nature, derived from chemical 
combinations of carbon and hydrogen (hydrocarbons). Unconventional fuels are other than oil, like 
synthetic or natural, in liquid, gaseous, or even solid-state. 
Alternatives to petrol and diesel can be unconventional fuels. Of these fuels, it is estimated that hydrogen 
has the most open future for powering heat engines, arguing that current engines, both spark-ignition 
engines and Diesel engine, can be adapted for hydrogen operation.  
Hydrogen offers a mass calorific value of 121,126 kJ/kg, so 2.8 times higher than gasoline.  
The ignition energy is 15 times lower, and the maximum flame propagation speed is 8 times higher, and 
the hydrogen vapors are not toxic [1]. 

 
* Corresponding author e-mail: marius.barbu91@yahoo.ro 
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The expansion of the use of hydrogen in heat engines is slowed down by the high cost of the unit mass 
(volume) of liquid H2.  
The density and calorific value of the volume (12250 kJ/m3N) are lower than those of petrol and diesel 
and the high combustion rate, the rapid propagation of the flame, the reverse explosions in the intake pipe 
must be considered when using hydrogen.  
There are prospects for the production and storage of H2 in optimal conditions. 
 
2.2 Compressed natural gas 
Methane can be compressed and stored in metal tanks at pressures of 200-250 bar under the name of 
Compressed Natural Gas (CNG) or liquefied at - 163˚C and stored under the name of Liquefied Natural 
Gas (LNG). 
Unlike traditional fuels, gasoline, and diesel, CNG has the following advantages: 
• It is about 40% cheaper 
• CNG combustion emits 30% less CO2 emissions. 
• It is non-toxic and disperses quickly 
• Safer technology with lighter composite cylinders. 
Biogas is a renewable resource that is obtained from waste agricultural materials (plants or animals) from 
wastewater purification processes, from municipal waste, from wood and crop plants. Biogas is usually 
used to power the engines of electric generators, but, improved as Biomethane can be used to power 
vehicles. 
The typical physicochemical properties of some relevant fuels are presented in table 1: 
 

Table 1.  
Typical physicochemical properties of relevant fuels [2] 

Properties Methane Hydrogen Gasoline Diesel 

Molar mass [kg/mol] 16,04 2,02 100-108 204 

Laminar flame speed at NTP [m/s] 0,38 2,65-3,25 0,37-0,43 - 

Minimum ignition energy [mJ] 0,28 0,02 0,25 - 

Adiabatic flame temperature in NTP air [K] 2224 2379 2470 2327 

Quenching distance in NTP air [mm] 2,03 0,64 2 - 

Density at NTP [kg/m³] 0,67 0,08 720-775 833-881 

Flammability limits in air (vol%) [lower–upper] 5,3-15,0 4,0-75,0 1,2-6,0 0,7-5 

Lower heating value 46,72 119,7 44,79 42,5 

Diffusion coefficient [cm²/s] 0,189 0,61 - - 

LHV of stoichiometric mixture [MJ/m³] 3,13 3,02 3,83 - 

Auto-ignition temperature in air [K] 813 858 500-750 553 

Volumetric LHV [MJ/m³] 32,97 10,22 216,38 - 

 
2.3 Hydrogen methane mixture 
The figure 1 below shows the evolution of alternative fuel consumption in the coming years. Alternative 
fuel is known to emit fewer pollutant emissions than gasoline. This renewable fuel is obtained from sources 
other than petroleum, in addition, it is more economically viable [4]. 
An increase in turbulence in the cylinder is used to increase the flame velocity of lean mixtures of natural 
gas as well as to increase the flammability limits. 
Turbulence will increase the heat transfer to the walls but will also increase the combustion temperatures 
which will lead to higher NOx emissions [4].  
Hydrogen is a fuel that burns at high speed and with lean air-fuel mixtures.  
That is why hydrogen can be used in combination with CNG to improve the low burning speed of natural 
gas and to increase its ignition limit.  
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Figure 1. Alternative fuels consumption worldwide [4] 

 
Also, the addition of hydrogen will reduce engine emissions [5][6].  
A mixture of 7% by energy between hydrogen and CNG is obtained with 20% (by volume) of hydrogen in 
CNG (or 3% by mass).  
In table 2 are presented the properties of gasoline, hydrogen, CNG and 5% by energy HCNG [7].  
 

Table 2. 
Properties of petrol, CNG, 5% energy HCNG and hydrogen [7] 

Properties Gasoline H2 CNG HCNG 

Diffusivity in air [cm2 s-1] 0.08 0.63 0.2 0.31 

Normalized flame emissivity 1.7 1.00 1.7 1.5 

Burning velocity in NTP air [cm s-1] 37-43 325 45 110 

Minimum energy for ignition in air [mJ] 0.24 0.02 0.29 0.21 

Quenching gap in NTP air [cm] 0.2 0.064 0.203 0.152 

Percentage of radiated thermal energy  30-42 17-25 23-33 20-28 

Equivalence ratio 0.7-3.8 0.1-7.1 0.7-4 0.5-5.4 

Limits of flammability in air [vol %] 1.0-7.6 4-75 5-15 5-35 

Auto ignition temp. [K] 501-744 858 813 825 

Flame temp in air [K] 2470 2318 2148 2210 

Stoichiometric volume fraction in air [vol %] 1.76 29.53 9.43 22.8 

 
Several researchers have conducted tests on spark-ignition engines with various blends of HCNG.  
The combustion of hydrogen, natural gas and their mixtures have been studied mainly.  
Hydrogen and CNG storage are a challenge for researchers that is been considered.  
A review of HCNG mixtures was performed to understand the effect of CNG enriched with hydrogen on 
spark-ignition engines.  
The characteristics of the combustion of HCNG largely depend on the engine operating conditions.  
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Air-fuel ratio, injection timing, engine speed and compression ratio play a major role in mixing HCNG on 
engines. 
The advantages of HCNG are: 

• Higher burning speed 

• Improved combustion of lean mixtures due to the wide flammability limit of hydrogen 

• Reduction of certain pollutant emissions directly proportional to the amount of hydrogen 

• Easy mixing due to gaseous conditions 
 
3. INFRASTRUCTURE DEVELOPMENT 
 
The following figure 2 shows a continuous growth in recent years which marks a development of the 
refueling infrastructure in Europe and the European Free Trade Association (EFTA) that encourage the 
industrial sectors associated with these gaseous fuels. 
 

 
 

Figure 2. Growth of refueling infrastructure [8] 
 
The number of public hydrogen stations has quadrupled in the last five years.  
Below is the number of hydrogen fuel stations at the end of 2019:  

- 432 worldwide  
- 330 open to the public (worldwide)  
- 226 additional filling stations are being prepared in dedicated locations (worldwide)  
- 177 in Europe  
- 87 in Germany  

 
4. VEHICLE FUEL SYSTEMS 
 
There are three types of vehicles powered by natural gas (NGV): 
• Dedicated: Vehicles designed to run on natural gas only; 
• Bi-fuel: These types of vehicles have two separate fuel systems. They allow operation on either 
natural gas or petrol (Figure 3); 
• Dual fuel: In the case of these heavy-duty vehicles, a pilot injection of diesel fuel is used to ignite 
the natural gas. 
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Figure 3. Gasoline – GNC bi-fuel supply system [9] 

 
Usually, light vehicles have a bi-fuel fuel system and heavy vehicles use a dual fuel system.  
To increase the autonomy of the vehicles, LNG is used instead of CNG.  
LNG is a liquid fuel with a higher energy density than CNG which is gaseous.  
CNG vehicles have a lower range than those powered by gasoline or diesel fuel due to the same cause of 
lower energy density in the case of CNG. 
 
4.1 Natural Gas Vehicles 
Natural gas vehicles work similarly to vehicles with spark-ignition engines.  
The figure 4 below shows the installation for the supply of compressed natural gas mounted on a vehicle.  
The installation consists of a natural gas tank under high pressure, a pressure regulator and injection 
system for indirect or direct injection. 
 
4.2 Bi-fuel Natural Gas Vehicles 
Figure 5 shows the fuel supply installation for a bi-fuel vehicle. In this case, the same engine can be 
powered by either gasoline or CNG, by pressing a button by the driver.  
The system consists of 2 separate systems for each fuel: tank, injection system and fuel pipes. 
 
4.3 Natural Gas Trucks 
Natural gas heavy-duty vehicles work similarly to vehicles with spark-ignition engines, but they can also 
work on compression ignition engines.  
The figure 6 below shows the installation for the supply of compressed natural gas mounted on a vehicle.  
The installation consists of a natural gas tank under high pressure, usually mounted behind the driver's 
cab, a pressure regulator and injection system for indirect or direct injection. 
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Figure 4. Natural Gas Vehicle [10] 
 
 
 

 
 

Figure 5. Bi-fuel Natural Gas Vehicle [10] 
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Figure 6. Natural Gas Trucks [10] 
 
5 LEGISLATIONS 
 
5.1 Emission standards 
The World Health Organization (WHO) sets air quality standards that are applied in different parts of the 
world. Air quality primarily affects people's health, which is why we want the lowest possible level of 
pollutant emissions. Crowded cities are the main concern, especially for emissions particles, NOx and 
Ozone. Vehicles are contributing mainly to particle and NOx emissions.  
Light-duty vehicles emit mainly the following emissions: hydrocarbons (HC), particulates (PM and PN), 
carbon monoxide (CO), nitrogen oxides (NOx), ammonia (NH3) and specific hydrocarbon components.  
Three major test categories are used in the world; the US and some countries in South and Central 
America use the US testing procedure called FTP; in Europe and in countries that use European 
legislation, the WLTP procedure and the new Real Driving Emission (RDE) tests have been used since 
2017 and in China, elements from both the US and Europe are used (Figure 7). 
Whether it is a small class or luxury class car, it must meet the same maximum limits [mg/kg] of the 
regulations when marketed.  
In the figure 8 below it can be seen that from 2023 the regulations in China will be stricter than in Europe. 
The evolution of emission standards in Europe and the US is shown in Figure 9.  
It should be noted that US standards do not consider the type of fuel, gasoline, or diesel, compared to 
European standards that impose different limits type. 
 
5.2 Corporate Average Fuel Economy regulation (CAFE) 
Regulation (EC) 443/2009 sets mandatory emission reduction targets for new vehicles.  
The first target has been fully implemented since 2015 and a new target has been gradually introduced in 
2020 and will be fully implemented from 2021 [12]. From 2021, gradually introduced in 2020, the average 
EU-wide emissions target for new cars is 95 g CO2 / km.  
If the average CO2 emissions of a manufacturer's fleet exceed 95g / km in a year, then the manufacturer 
must pay 95 euros for each gram of CO2 exceeded, for each vehicle sold in that year. 
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Figure 7. Emission Legislation Worldwide [11] 
 
 
 

 
 

 
Figure 8. Implementation Date of Emission Limits [11] 
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Figure 9. Emission Limits Evolution in Europe and US [11] 
 
 
6. RESEARCH RESULTS OBTAINED WITH CNG 
 
6.1 Emissions of gaseous fuels 
Various tests were performed to highlight the differences between petrol and LPG (for vehicle A) on the 
one hand and petrol and CNG (for vehicle B) on the other hand.  
The results are presented over 3 test cycles: UDC, EUDC and NEDC.  
Figure 10 shows the total hydrocarbon emissions (THC), Figure 11 shows the CH4 emissions and Figure 
12 shows the methane-free hydrocarbon (NMHC) emissions.  
The only differences were observed in the case of vehicle B powered by CNG; THC emissions are 25% 
higher than gasoline (figure 10) due to values about 7 times higher for CH4 emissions (figure 11) in the 
UDC cycle. 
These very high values for CH4 emissions are because methane is a compound that is difficult to oxidize 
in the catalyst. CH4 emissions are not currently regulated directly in Europe but are regulated in the USA 
because methane is also a greenhouse gas (CH4 absorbs 21 times more infrared radiation than CO2) [3].  
In Europe, THC is considered, which also includes CH4 emissions.  
Methane-free hydrocarbon (NMHC) emissions are about 30% lower than the Euro 6 emission limit (figure 
12).  
A significant difference for NMHC emissions occurs with the use of CNG (approximately 45% lower than 
gasoline) due to the low presence of hydrocarbons with more than 2 carbon atoms. 
Figure 13 shows the CO2 emissions. There are decreases of up to 25% for CNG and 10% for LPG.  
These decreases are due to the higher ratio of hydrogen and carbon atoms in the molecule of methane 
and LPG compared to gasoline. 
 
6.2 Emissions and performance using HCNG at lean mixtures 
The main drawbacks of natural gas are related to the difficulty of ignition, low flame rate and burning of 
lean mixtures.  
When using CNG, engine efficiency decreases at low loads and we have higher HC and CO emissions, 
which can be solved using a dedicated catalyst.  
To solve some of these inconveniences, adding a small amount of hydrogen can be a solution. 
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To see the effect of hydrogen addition on the emissions and performance of the HCNG-powered engine, 
several researchers performed various experiments. One of them is Ali Keshavarz [14] who used a four-
stroke, 4.2 L, naturally aspirated natural gas with the results shows to Figure 14: the CO emission 
depending on the speed for 2 loads (50% and 100% throttle opening).  
The lower value in the case of 50% is due to lower pressure and temperature in the engine cylinder [14].  
 

 
 

Figure 10. Measured THC emissions [13] 
 

 
 

Figure 11. Measured CH4 emissions [13] 
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Figure 12. Measured NMHC emissions [13] 

 

 
 

Figure 13. Measured CO2 emissions [13] 
  
Figure 15 shows the NOx emission depending on the speed for 2 loads (50% and 100% throttle opening).  
The higher NOx value is measured at maximum load (mainly at 1800 rpm).  
Figure 16 shows the brake-specific fuel consumption (BSFC) depending on the engine speed for 2 loads 
(50% and 100% throttle opening). 
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Figure 14. CO emissions for 0.9 fuel-air equivalence ratios [14] 
 

 
 

Figure 15: NOx emissions for 0.9 fuel-air equivalence ratios [14] 
 

 
 

Figure 16. BSFC for 0.9 fuel-air equivalence ratios [14] 
 
6.3 HCNG in Laser and Spark Ignition modes 
Another study that reflects the effects on performance and emissions by adding hydrogen to spark-ignition 
engines powered by compressed natural gas with a laser ignition system is that of R. K. Prasad et al. [15]. 
In this study an indirect injection spark ignition engine was equipped with two ignition systems: spark 
ignition (SI) and laser ignition (LI) at 1500 rpm and different brake mean effective pressures (BMEP) and 
air-fuel ratios (λ).  
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Figure 17 (a, b) BTE variation depending on the type of fuel and the ignition system [15] 
 
The following figure 17 (a and b) shows a comparison of LI and SI ignition modes over the results 
concerning the variation of the brake thermal efficiency as a function of the BMEP and lambda, and the 
comparative variation of the brake thermal efficiency according to BMEP and lambda for HCNG mixtures 
with laser and spark ignition systems.  
It can be observed that the efficiency increased once the brake mean effective pressure was increased for 
all HCNG mixtures (Figure (17a)). Figure (17b) shows the variations of efficiency with lambda at maximum 
load.  
It was observed that with the increase of lambda, in the first phase the efficiency increased and then 
decreased for all HCNG mixtures.  
Hydrogen enrichment has extended the combustion limit fuels HCNG. (Burning limits for CNG and 
10HCNG were λ = 1.5; for 20HCNG it was λ = 1.6; for 30HCNG it was λ = 1.7; for 40HCNG it was λ = 1.8 
and for H2 it was λ = 2.5). 
The next figure 18 shows Brake Specific Nitrogen Oxides (BSNOx) emissions depending on BMEP (figure 
18 a) and λ (figure 18 b) using laser ignition and spark ignition modes.  
BSNOx emissions increased with increasing BMEP for all test fuels, regardless of ignition mode. NOx 
formation during combustion occurs mainly due to atmospheric N2 oxidation under high-temperature 
conditions (> 2000 K) [16]. 
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There was a higher BSNOx emission for both ignition systems, which increased with load (BMEP) due to 
temperatures above 2000 K which led to the oxidation of nitrogen from the air [16].  
A higher value of BSNOx was obtained in the case of CNG laser ignition but also in the presence of 
hydrogen due to high-temperature combustion peaks due to an earlier start of combustion. 
The BSNOx emissions rise from 6 (for CNG) to 12 g/kWh (for 40HCNG) for a load of 3.96 bar [15].  
In figure 18 b BSNOx is decreasing for both ignition systems as the air-fuel ratio increase.  
This trend was reversed as the temperature decreased due to the excess air that cooled the mixture.  
The maximum temperature in the cylinder was lower with the laser ignition system that leads to a decrease 
in BSNOx emissions.  

 

 
 

Figure 18 (a, b) BSNOx variation depending on the type of fuel and the ignition system [15] 
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7. CONCLUSION 

 
- Faster and higher quality combustion was observed in natural gas engines by mixing with a fast-

burning fuel such as hydrogen.  
- Nitrogen oxide emissions normally increase with increasing hydrogen due to higher engine cylinder 

temperatures, but a method of reducing them such as a catalytic converter, NOx Trap, or an EGR 
system can be used. 

- Emissions of hydrocarbons, carbon dioxide and carbon monoxide decrease with the increasing 
percentage of hydrogen. 

- Hydrogen enrichment extends the combustion limit of HGNC mixtures. 
- To be able to obtain significantly improved performance characteristics, the compression ratio of 

the engine can be increased when using CNG and H2 due to the higher-octane number compared 
to petrol. 

- The addition of H2 (up to 20-30% volume) to natural gas can be an effective short-term solution to 
the problem of greenhouse gases and in addition, no engine modifications are needed with current 
technology. 
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Abstract: The study refers to the reduction of heat transfer on the intake system, mainly in the case of the 
aluminum alloy intake manifold. To this end, a series of solutions for reducing heat loss have been adopted, 
implemented, and tested. These consist in the design and insulation of the intake manifold with a new type of 
composite material with thermal insulation, whose composition contains natural, organic, and recyclable 
elements. To establish the thermal insulation properties of the newly developed materials, the topographic and 
morphological analysis was performed, respectively determined the values of the heat transfer coefficients.  The 
thermal insulation layer called SPTI (Silicone Polyurethane Thermo-Insulating), offers protection to the thermally 
stressed components (convection, conduction, and radiation) of vehicles, such as intake manifolds, air conditioning 
systems, various components of the braking system, etc.  

 
Key-Words: engine. intake manifold. heat loss. thermal protection. composite material. 

 
1. INTRODUCTION   
 
The research on the influence of intake air temperature on fuel consumption shows that the highest 
value of consumption was 380 g / kWh at an air intake temperature higher than 300C, 4% higher than 
the lowest temperature air intake of 200C at the same engine speed of 1500rpm [1][2]. 
Variation in air temperature influences NOx and HC emissions as follows: NOx emissions increased at 
high temperatures for all loads, and HC emissions decreased at low temperatures [3][4][5][6]. It has been 
shown that maintaining relatively low coolant and intake air temperatures can reduce NOx emissions by 
up to 30%; with improvements in specific fuel consumption, carbon monoxide (CO) and HC emissions 
[7]. Global standards on emissions and environmental constraints, together with the rapid advancement 
of built-in computing power and new generations of sensors have led to the development of low-
temperature combustion engines [8]; The purpose of an LTC-combustion at low temperatures engine is 
to achieve high levels of combustion efficiency without producing harmful emissions such as nitrogen 
oxides (NOx) and dust particles (PM) in the case of diesel engines. First, the acquisition and processing 
of real-time data of the processes in the engine cylinders, so that the engine parameters can be adjusted 
to obtain optimal performance. Second, precise control of the fuel supply is achieved by using multi-
pulse injection systems or the combination of indirect injection and direct injection. Thirdly, an important 
factor is to maintain control over the combustion temperature by recirculating the exhaust from a 
previous cycle (EGR) [9].   
 
2. EXPERIMENTAL SETUP   
 
2.1 Topographic, morphological analysis and determination of the heat transfer coefficient of the 
proposed materials 
One method of reducing the heat loss of the intake manifold is to implement thermal protections on its 
outer surface. The main goal is the development of a new thermal insulation composite material, based 
on polyurethane foam, silicone, and cork in different proportions [10].  
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The topographic and morphological analysis of the samples was performed at the Research Institute for 
Renewable Energies (ICER) Timisoara using the Olympus OLS 4000 LEXT 3d laser confocal 
microscope and Quanta FEG 250 microscopes equipped with EDAX analyzer and SDD Apollo detector 
(SEM and EDX analysis).  
 

Table 1. 
Material evidence - topographic and morphological analysis 

No. Sample Topographic analysis       SEM analysis 
 

 
 
 
1 

 
 
 
 
2 

 
 
 
 
3 

 
 
 
 
4 

 
 
 
 
5 

 
 
 
6 

 
 
From the images presented in table 1, it appears that: 
- sample 1 shows a pore depth of (400 - 600) μm and in the EDX analyzed areas the presence of the 
main elements Cl, Si, C in proportion of over 40% and of the minor components Al, O, N, K, Mg, N and P 
is observed; 
 - sample 2 has a C concentration of more than 65% and the pore depth is between (400 - 800) μm;  
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- sample 3 shows pores with a diameter of 100 μm and a depth of 800 μm, the main components in the 
studied areas have a concentration between 30-60%;  
- in the case of sample 4, the pore diameter is between (500 - 1800) μm and a depth between (800 - 
1200) μm;  
- sample 5 shows a porosity with a depth varying between (400 - 500) μm, the component elements 
having dimensions between (5 - 200) μm;  
- in the case of sample 6, the pore diameter is between (400 - 750) μm, with a depth of between (370 - 
500) μm. 
The standard sample 1, made of polyurethane foam, belongs to the class of thermal insulation materials 
but due to its relatively low resistance to mechanical stress, it is not recommended to use it in the case of 
subassemblies subjected to composite stress, such as the intake manifold made of aluminum alloys 
(subjected to mechanical, thermal, chemical stresses, etc.)  
From the analyses presented above, the density and the distribution of pores in the structure of sample 
5, are similar to that of the standard sample (polyurethane foam). The silicone concentration (over 50%) 
of sample 5, leads to the improvement of the elastic properties respectively to the increase of the 
resistance to compound stresses. 
The thermal conductivity for the newly developed materials was determined using the heat flux plate 
method [10]. 
 
2.2 Aluminum alloy intake manifold insulation  
To obtain a thermal insulation layer, the material having the composition and structure of sample five, 
presented in Table 1, with a heat transfer coefficient determined with the value 0,15W / mK [10] was 
used.  The thermal insulation layer was applied on the outer surface of the gallery by brushing (figure 
1.a) in several stages, obtaining an average layer thickness of 4 mm.  
 
 

  
a. b. 

  
c. d. 

Figure 1. Aluminum alloy intake manifold insulated with SPTI: 
a – deposition of the insulating layer, b - aluminum alloy gallery protected with SPTI, 

 c - testing on the RIMS stand, d - aluminum alloy gallery 
 
The gallery protected with the SPTI layer (figure 1.b) was mounted on a stand, own design called RIMS 
(Resource Intake Manifolds Stand), which allows temperature and pressure measurements at different 
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characteristic points, for identical or different intake manifolds from a geometric point of view, made of 
various materials (aluminum alloy, polyamide, composite material, etc.) [10], shown in Figure 1.c.  
Previously, on the RIMS stand, the aluminum alloy intake manifold (figure 1.d) of the 1.7 Ford Puma 
engine was tested, finding relatively high heat losses influenced by the value of the heat transfer 
coefficient (110W / mK) [10]. 
 
3. RESULTS AND DISCUSSIONS 
 
Figure 2 shows the variation of temperatures in the three measuring points (T1, T2, T3) from which the 
maximum values are found, as follows: 
 - at the level of the outer surface of the intake manifold 48,10C (T1);  
- on the surface of the inner wall 26.70C (T2); 
 - the intake air at 23,10C (T3). 
 

 
 

Figure 2. Temperature variation in points T1, T2, T3, in the case of the aluminum alloy gallery protected 
with SPTI 

 

 
 

Figure 3. Temperature values at the outer surface of the intake manifolds (T1), aluminum alloy intake 
manifold / SPTI-protected aluminum alloy intake manifold 
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The graphs in Figures 3, 4 and 5 show the comparative temperature variations recorded in the case of 
the intake manifold made of unprotected aluminum alloy and the gallery of aluminum alloy insulated with 
SPTI. 
 
 

 
 

Figure 4. Air temperature on the inner surface of the intake manifold walls (T2) 
 

 
 
 

Figure 5. Air temperature at the outlet of the intake manifold (T3), aluminum alloy intake manifold / 
aluminum alloy intake manifold protected with SPTI 

 
Figure 3 shows that the temperature at the measuring point T1 for the intake manifold protected with 
SPTI material, shows an increase of 35% compared to the aluminum alloy intake manifold in the 
unprotected version.  
At measuring points T2 and T3 (figures 4. and 5.) the temperatures recorded for the aluminum alloy 
intake manifold insulated with SPTI show a decrease of 5.96% and 8.33% respectively compared to the 
aluminum alloy intake manifold in the variant uninsulated 
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4. CONCLUSION  
 
The main purpose of the experiments performed and presented in this study is to develop new 
composite insulation materials, natural and organic materials and recyclable materials, designed to 
reduce heat loss on the intake path. 
The determined values of the heat transfer coefficients place the new materials studied in the range of 
thermal insulation materials and therefore can be used to reduce heat loss in the case of the intake 
system of internal combustion engines. It is found that the temperature at the measuring point T1 (at the 
level of the outer surface) for the intake manifold protected with SPTI (silicone polyurethane thermo-
insulating) insulating material, increases by 35% compared to the aluminum alloy intake manifold, in the 
uninsulated version. 
The recorded suction air temperature for the aluminum alloy intake manifold insulated with SPTI shows a 
decrease of 8.33% compared to the aluminum alloy intake manifold in non-insulated version. 
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Abstract: The paper presents the results obtained from the experimental analysis of the filtration efficiency carried 
out on two filter elements prototypes, developed to filter the air in the passenger compartment of vehicles. The 
innovation of these concepts is the exclusive use of a porous ceramic mix as a filter medium. The released results 
also show the influence of the ceramic filter medium granulation on the pressure drop and retention efficiency. 
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1. THEORETICAL MOTIVATION  
 
In order to develop a filter element with a high filtration efficiency for both case of different particles sizes 
and gaseous pollutants, we take into consideration the analysis of porous ceramic materials behaviors in 
the filtration processes. These filter elements to be analyzed based on two filter characteristics, the 
primary stage for the retention of particles and aerosols, and the secondary stage intended to retain the 
polluting components present in the mixture. This paper presents the method and results of the 
experimental activities carried out in order to determine the effectiveness of the primary stage [2][5]. 
Porous ceramic materials can be molecular sieves with pores of uniform size, porosity diameters are 
similar to the size of small molecules, making it possible to filter or absorb them. As a mixture of 
molecules migrate through the stationary bed of porous material called sieve, molecular components 
with the highest molecular weight (which are unable to pass through the molecular pores) leave the first 
bed by successive smaller molecules. Molecular sieve diameters are measured in ångströms (Å) or 
nanometers (nm), according to IUPAC (International Union of pure and applied Chemistry), porous 
materials having pore diameters less than 2 nm (20 Å) may be called micro-porous materials, and the 
macroporous materials are those having pore diameters greater than 50 nm (500 Å). Pore diameter 
materials between 50 nm (500 Å) being considered as mesoporous. Of the most common micro-porous 
materials used in the form of a molecular site we can call: Zeolites, active carbon, Monmonirolite or 
porous glass [1][4]. To determine the particle retention capacity of the ceramic mixture analyzed in this 
study, the PAF 113 adsorption test stand was used for the air filters intended for the passenger 
compartment. The design of the PAF 113 test stand, as well as the test procedure and data acquisition 
were based on the design standard DIN 71460-1.2 and the standard ISO 11155-1.2. 
 

2. TESTING PROCESS DESCRIPTION 
 
The test stand consists of a conductive and grounded vertical test section, provided with a frame on 
which the tested filter will be mounted (figure 2), the test chamber being designed to minimize particle 
losses. The stand also has equipment for air conditioning and supply, flow measurement, pressure loss 
measurement, aerosol introduction and sampling. 
The PAF113 system also has sealing elements so that uncontrolled leaks are less than 100 l / min when 
the pipe pressure exceeds 500 Pa under ambient temperature conditions (23 ° C). The uniformity of the 
air flow in the test chamber was measured with a calibrated anemometer, in the center of each of the 
four areas of equal size and in the center at a distance of no more than 5 cm above the filter holder.  
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The variation of the air flow velocity being less than 10% of the average flow velocity. During the test, the 
temperature (23 ° C) and the humidity of the test air were maintained at 50%. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1. Topas PAF113 test installation  Figure 2. Attaching the filter to the mounting frame 

 
The system also has the capability to provide a variable flow rate, specified according to the test method 
chosen by the user, who can maintain this flow during a test under increasing differential pressure. The 
maximum flow is up to 680 m3 / h, with filter pressure losses of up to 1,000 Pa. 
In the investigation carried out on the porous ceramic filter elements, the flow variation followed the 
profile described in figure 4, thus for each flow measurement point a 30-second level was generated to 
stabilize the air flow. The pressure loss (differential pressure) at the tested filter was measured with a 
differential pressure measuring device connected to the pressure valves in the test line. These valves 
being in straight sections, have the same cross-sectional area as the section which includes the filter 
under test and which are not positioned at distances greater than the value of the pipe diameter, 
upstream and downstream of the test filter. Pressure measuring valves are specific for measuring static 
pressure [3]. 

 
 

Figure 3. Schematic representation of the test chamber 
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Figure 4. Mass flow rate variation during test procedure 
 
Prior to aerosol mixing, the air was filtered to less than 1% aerosol concentration at all particle sizes, 
using a HEPA filter. The aerosols were introduced into the duct and subsequently mixed so that a 
uniform mixture of test aerosols was delivered to the filter under test. The test filter was sealed when 
mounted on the test frame. The aerosol being taken both upstream and downstream of the filter under 
test. The sample is then aspirated through the sampling apparatus into a particle counter. The sampling 
probes are isokinetic (the local flow rate at the pipe level is equal to the flow rate at the well level), the 
same probe model being used both before and after the filter. The sampling probes were placed on the 
center line of the test line. Upstream probe at about 100 mm upstream of the test filter and downstream 
probe 75 mm downstream of the active area of the filter in the center of the pipe and filter. The path of 
the tubes leading to the particle counter is short to minimize the number of curves to avoid any static 
accumulation. The materials used in the construction of the routes being earthed electrical conductors, 
the routes of the upstream and downstream sampling pipes being identical. The aerosol generator used 
for fractional efficiency measurement tests uses potassium chloride test powder. The aerosol generator 
used in fractional efficiency tests with capabilities to produce a stable aerosol concentration and size 
distribution. Thus, ensuring that the particle size distribution of the aerosols contains sufficient particles 
for statistical evaluation within each size class. 
The dust feeder feeds the dust in a continuous and uniform rhythm, with a stable size distribution. An 
injector is used to disperse the dust into the test system and must not change the particle size 
distribution in the air. The dust supply system produces an aerosol of a stable concentration (the 
variation of the maximum allowed concentration over time being 20%). 
 
 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 5. Potassium chloride used in the testing process   Figure 6. Dust feeder 
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To minimize the deviations of the results quantified by the particle counter, a particle spectrometer was 
used which directly measures the aerodynamic size of the particles. 
 

3. THE TESTED FILTER ELEMENT CHARACTERISTICS 
 
The concept of tested filter element is composed of two elements: 
- Rigid housing (figure 7). 
- The filter element itself in the form of a porous ceramic mixture (figure 8). 
The rigid filter housing allows one of the side walls to be detached to replace the worn filter element. This 
approach aims to reduce the negative impact on the environment by reusing the rigid housing. 
 

 
 

Figure 7. Filter rigid housing 
 

In the analysis presented in this article, two types of porous ceramic mixture were tested, with slightly 
different composition: 
The composition of the mixture no. 1: - Soda lime (5-6mm pellets) 
                                              - Activated carbon (5-6mm pellets) 
The composition of the mixture no. 2: - Soda lime (5-6mm pellets) 
                                              - Zeolite A5 (0.5-0.6mm pellets) 
                                             - Active carbon (in the form of foam) 
 

 
 

 
 
 
 
 
 
 
 
 

Figure 8. Ceramic mix no. 1 (left), and no. 2 (right) 
 

The motivation for using the component materials in the ceramic mixture is the retention properties of the 
different gaseous components. Sodium lime or soda lime with the following constituent’s calcium 
hydroxide Ca (OH) 2 (70 ... 80%), water H2O (16 ... 20%), sodium hydroxide NaOH (1 ... 2%) and 
hydroxide of potassium KOH (> 0 ... 1%) has carbon dioxide retention properties and is commonly used 
in closed-circuit respirators. Zeolites have an aluminum-silica ratio of ≈2. They are used for drying 
natural gas, together with desulfurizing and decarbonizing the gas. They can also be used to separate 
mixtures of oxygen, nitrogen, hydrogen, and hydrocarbons from branched and polycyclic hydrocarbons.  
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Activated carbon being one of the most widely used porous materials in filter elements, it has the 
property of retaining particles and aerosols with diameters larger than 0.1 μm, and the pollutant 
components present in the gas mixture. 
 

4. DISSEMINATION OF THE RESULTS 
 
After the testing process and the acquisition of data using the control unit, data were collected on the 
pressure drop generated by the filter element, as well as the aerosol retention efficiency over a size 
range between 0.33-4.77 μm. To determine the pressure, drop generated by the filter element, the 
pressure drop generated by the rigid housing of the filter was previously measured and will be subtracted 
from the total value of the pressure drop. Following the post-processing of the data obtained or the 
graphs of the pressure drop as well as of the retention efficiency/ The graph shows that the introduction 
of low-granulation components into the mixture led to an average percentage increase in pressure drop 
by up to 42%. This behavior can be attributed to the increase in the density of the filter element. Also 
analyzing the retention efficiency, we can see a considerable improvement in the case of prototype no. 2 
on the size range 0.44-1.62 μm. During this period there was an average percentage increase in 
efficiency by 30%. Comparing the results obtained in the case of prototype number 2 with the retention 
efficiency of a classic cabin filter made of microfibers, one can notice a much higher overall efficiency of 
the classic filter. The major difference being made on the size range 0.33-0.85 μm, the ceramic filter 
obtaining better performances on the range 0.85-2.33 μm. 
 

 
 

Figure 9. Pressure drop graph generated by the filter elements 
 

 
 

Figure 10. Particle retention efficiency 
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Figure 11. Comparison with a classic paper filter retention efficiency 
 

5. CONCLUSION 
 
Among the advantages offered using ceramic materials in gas filtration is their ability to retain gases at 
the molecular level. One of the most common processes in which porous ceramics are used to separate 
gases of different types is the pressure swing adsorption (PSA) process, this process being used to 
separate a particular species of gas from a gas mixture. Porous ceramic filter elements could be a viable 
alternative to conventional microfiber filters. Following the dissemination of the results obtained, it follows 
that the retention efficiency of porous ceramic filters could be improved by increasing the density of the 
filter element. Also, the retention capacity on specific size ranges can be correlated by density variation. 
In conclusion, the integration of ceramic materials in the process of air filtration in the form of a filter 
element could replace the classic filtration solutions and improve air quality by retaining harmful gaseous 
compounds. 
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Abstract: This paper describes the algorithm for calculating the power flow required to overcome the forward 
resistances of a tracked vehicle, which is equipped with a high-power diesel engine. The laws underlying the nodal 
theory were used to develop the model for simulating the longitudinal dynamics of the tracked vehicle: the law of 
conservation of energy and the law of equilibrium of load factors. Thus, the entire structure of the vehicle, including 
the propulsion system of the tracked vehicle, is identified by network nodes, each node being assigned the energy 
conservation conditions and the dependencies on the other nodes. The proposed model takes into account the 
differential analytical equations regarding the dynamics of the vehicle, the interaction with the roadway and its 
chassis. The modeling results highlight the power required to overcome the forward resistances, the time variation 
of the torque that loads the drive wheel of the vehicle and the performance of the vehicle when running on a horizontal 
terrain. 

 
Keywords: tracked vehicle, torque, resistive forces, propulsion system dynamics. 

 
NOMENCLATURE 
 
Fja - the load factor of the inertial power flow of the tracked robot 

�̃�𝑝, Fpd – dynamic propulsion force 

fpr – rolling resistance coefficient of the propulsion system 

�̃�𝑡, Ftd – dynamic traction force 
Ga – weight of the tracked robot 
Ipr - moment of inertia of the propulsion system wheels 
ma – mass of the tracked vehicle.  
Mjpr - the reduced torque at the drive wheel of the inertial forces of the propulsion system 

Mrd, �̃� - the dynamic torque that actually loads the drive wheel after the acceleration of the masses in 
rotational motion 

rmM – dynamic torque at the drive wheel 

Mµfpr - reduced torque at the drive wheel of the moments of friction in the propulsion system 
R_aer, Ra – air resistance 
R_alpha, Rα – slope resistance 
R_sol, Rs – soil deformation resistance 
Rpr – rolling resistance of the propulsion system 
T - the dynamic tangential reaction with which the support branch of the track acts on the ground 
UGV - Unmanned Ground Vehicle 
ωrm - angular speed of the drive wheel 
v – speed of the vehicle 
𝑃𝜏𝑝𝑟 – power flow lost to overcome the rolling resistance force of the propeller 

rrm – sprocket radius 
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1. INTRODUCTION 
 
The tracked vehicle in this study is based on the chassis of a tank. The aim of this research is to develop 
a tracked vehicle that can move without being driven by a driver. We suggest the idea of developing an 
autonomous / semi-autonomous robotic platform on the structure of a tracked military vehicle. This 
transformation must allow intervention in emergency response missions [1][2][3]. The energy system, 
which delivers the necessary energy to the propulsion system, is an internal combustion engine [4][5].  
The decision to study the possibility of transforming a military combat vehicle into an emergency robot was 
made based on the following challenges: climate change, terrorism, social crises, destruction of the forest 
area [6][7][8][9][10][11]. Each of them has different features, which viewed separately have a greater or 
lesser impact depending on the gradient of the respective states. The simultaneous occurrence of several 
risk situations can generate unpredictable effects, which can endanger the intervention staff. On the other 
hand, any of the challenges mentioned above can become causes of the occurrence of the others. One of 
the biggest problems is the disasters caused by fires that occur in the forest environment, in petrochemical 
plants or in areas of exploitation of oil fields [12][13]. Also, among the risks that require intervention with 
large robots are nuclear accidents, natural disasters, etc. The use of crawler intervention vehicles capable 
of autonomous / semi-autonomous intervention eliminates staff exposure. At the same time, they have an 
increased capacity to extinguish fires or limit the effects caused by various disasters [8][14]. One of the 
problems studied is the behavior of the crawler engine. The present study concerns, in particular, the 
power flow required to overcome the forward resistance of a tracked military vehicle. 
This desideratum comes from the fact that for the development of a navigation system of a tracked 
terrestrial robot we must know how the variable parameters, from the relations that describe the kinematics 
and dynamics of the respective vehicle, influence the laws of movement. 

 

 
 

Figure 1 – Representation of the tracked propulsion system on a tank chassis 
 
The general idea of the research is to develop a family of robots that will be able to intervene in multiple 
situations, just by replacing some components. In other words, the robotic system will consist of two 
subsystems: 

• transport vector - chassis and engine; 

• operational vector - intervention systems, which can be attached to the chassis. 
By operational vectors we mean: crane, bulldozer blade, fire extinguishing system [15], tools specific to 
engineering activities, demining systems, etc. The operational vector will also be equipped with the 
following: command-control system, communication system, sensor system [1][4][5][7]. 
Until now, the studies carried out by the research staff of the Military Technical Academy "Ferdinand I" can 
be found in the works [1][3][4][8][16][17][18]. The present study considers the terrain undeformable. In 
reality, it is an unstructured work environment [16][17][19][20][21]. 
 
2. PROPULSION SYSTEM AND FORWARD RESISTANCE MODELING 
 
The tracked propulsion system allows the transformation of the rotational mechanical power flow, 
characterized by torque and angular velocity, into the mechanical translational power flow, characterized 
by force and speed [6].  
The power flow (Figure 2) of the propulsion system is influenced by the variation of load and kinematic 
factors, the moments of inertia of the components and the internal power losses caused by sliding and 
rolling friction [1][17].  
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Figure 2 – Nodal representation of the forces and moments acting on the tracked propulsion system 

 
The equations resulting from the application of the laws of load factors equilibrium and energy conservation 
factors [6,13] allow to determine the expression of the dynamic traction force of the tracked vehicle: 
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Next, for the modeling of the mentioned active and resistant factors we use the Simscape-Matlab 
programming language [18][22] and we implement in code form the differential algebraic equations 
generated from the energy conservation and equilibrium conditions of the load factors [5].  
The blocks resulting from the modeling are grouped to simulate the dynamic operation of the tracked 
propulsion system (Figure 3). 
 

 
 

Figure 3 – Representation of the simulation of the propulsion system made in Simscape-Matlab 
 
The modeling of the load factor of the inertial power flow Mjpr was performed with one of the predefined 
blocks in the library of the Simscape Multibody ™ Matlab module. In order to model the physical process 
of transforming the factors of the rotational motion field into the factors of the translational motion domain 
and the phenomenon generated by the rolling resistance force of the propulsion system, our own library 
was developed with the blocks “Sprocket and Track” and “resistance _ pr”.  
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The source codes of the blocks that describe the two phenomena are based on the following equations: 

 

 = rd td rmM F r Nm  (2) 

 = 
 rm rm
mv r

s
  (3) 

( )  =  cospr pr aR f G N  (4) 

( ) ( )  − − −= +  +  −2 2 6 23 143 3,6 1,2 3,6prf v e e v e v  (5) 

 
The sets of algebraic equations, added to the system of general equations describing the dynamic 
operation of the crawler vehicle, allow transformation of the factors of the two mechanical domains 
(rotation, translation), rolling resistance force modeling [16][17] and modeling of acceleration resistance 
[1].  Solving the system of equations, with the help of Matlab software, allows later visualization of physical 
signals [23][24], signals that represent the time variation of the dynamic torque received by the drive wheel 
from the final transmission (Mrm) (Figure 4), the load factor of the inertial power flow consumed to 
accelerate the rotating masses (Mjpr) (Figure 5), the dynamic moment that actually loads the drive wheel 
after the acceleration of the masses in rotational motion (Mrd) (Figure 6), dynamic traction force (Ftd)  
(Figure 7), the rolling resistance force of the propulsion system (Rpr) (Figure 8) and dynamic propulsion 
force (Fpd) (Figure 9). 
From the interpretation of the graphs the following can be noticed: 

• the rolling force of the propeller increases with increasing the speed; 

• the load factor of the inertial power flow consumed to accelerate the masses in rotational 
motion decreases with increasing the speed. 

 
 

 
 

Figure 4. Variation of the dynamic torque received by the drive wheel from the final transmission (Mrm) 
 

 
 

Figure 5. Variation of the load factor of the inertial power flow consumed to accelerate the masses in 
rotating motion (Mjpr) 

 

 
 

Figure 6. Variation of the dynamic moment that actually loads the drive wheel after the acceleration of 
the masses in the rotational motion (Mrd) 



RoJAE vol. 27 no. 3 / September 2021 ISSN  2457 – 5275 (Online, English) 
Romanian Journal of Automotive Engineering  ISSN 1842 – 4074 (Print, Online, Romanian) 
 

127 

 

 
 

Figure 7. Variation of dynamic traction force (Ftd) 
 

 
 

Figure 8. Variation of the rolling resistance force of the propulsion system (Rpr) 
 

 
 

Figure 9. Variation of dynamic propulsion force (Fpd) 
 

 
 

Figure 10 - Energy balance of the tracked propulsion system 
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Following the calculations performed (1 ÷ 5) results the graph in Figure 10, in which it is presented: 

• the energy balance received by the engine; 

• the balance of energy consumed in the form of dissipative and inertial flow; 

• the balance of energy transmitted to overcome forward resistance.  
The dynamic propulsion force is equal to the sum of all the resisting forces acting on the tracked vehicle, 
represented by: air resistance (R_aer), slope resistance (R_alpha), resistance due to soil deformation 
(R_sol) and part of the acceleration resistance, due to the action of the inertial force generated by the 
acceleration Force_inertia [16][19].  
The highlighting of these power losses is represented in the Simscape programming environment by the 
blocks of approximation of the resistance forces [17].  
 

 
 

Figure 11 – Soil_propulsion_vehicle component 
 
Subsequently, by attaching the blocks within the “soil_propulsion_vehicle” component, the model for 
simulating the interaction between the road, propulsion system and chassis is completed (Figure 11). In 
the modelling diagram of the component “Soil_propulsion_vehicle” the block 
“sensor_speed_acceleration_space” appears (Figure 12).  
The block is used to take from the energy network the signals specific to the UGV's travel speed, 
acceleration and the space travelled by it during the simulation (Figure 13).  
The final simulation model (Figure 14) [1][16][17] is built for the main systems of the tracked vehicle.  
The blocks of the general longitudinal dynamic’s simulation model have defined physical connection ports, 
which are used as connectors [17].  

 
 

Figure 12 – Sensor speed_acceleration_space component 
 

When programming the simulation model (Figure 14) the following simplifying hypotheses were 
established: the engine always runs at its maximum load, the terrain on which the engine runs is hard and 
flat, and the movement of the vehicle is linear and accelerated.  
To validate the general simulation model, the simulation results were compared with those obtained 
experimentally [16][17]. 
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The rectilinear displacement experiment was performed under the following conditions: the position of the 
accelerator pedal was depressed until the end of the stroke and was maintained in this position throughout 
the experimental test, and the gear change was performed according to the specifications set by the 
manufacturer [25]. 
 

 
 

Figure 13 - Variation of acceleration, speed and space as a function of time 
 
 

 
 

Figure 14 - General simulation model of the tracked vehicle 
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Figure 15 - Validation of the general simulation model 
 
In Figure 15 we can see the graphs of the two types of determining the speed of the tracked vehicle, 
respectively by simulation and experiment. It can be seen that the graph of the speed obtained by 
simulation overlaps in a very good ratio over the graph obtained experimentally. 
 
3. CONCLUSIONS 
 
Following the tests performed on the performances of the tracked propulsion system at rectilinear 
movement, it was found that the analytical model proposed for the calculation of the kinematics and 
dynamics elements is a valid model.  
The information is based on the fact that the error, from the data obtained by simulation differs from those 
obtained experimentally, is below the threshold of 6% (Figure 15). 
This encourages us to continue our research in order to transform the tracked vehicle, driven by a driver 
mechanic, into a semi-autonomous crawler robot for emergency response. 
We provide the following arguments in support of these affirmations: 

• the algorithm consists of modules programmed in the Simscape language, which contain the 
equations they describe: 

o tracked vehicle kinematics; 
o tracked vehicle dynamics; 
o estimation of torque and angular velocity at the inputs and outputs of each component; 
o acceleration pedal position; 

• determining the required power because the conditions of progression are met according to the 
forward resistance; 

• determining the variation of the dynamic torque at the drive wheel; 

• determining the variation of the power flow to accelerate the masses in rotating motion. 
We believe that the proposed goal of developing an analytical model that describes how forward 
resistances influence the dynamics of the tracked propulsion system engine is achieved. 
Next, we will design the hardware and software elements to transform the tracked vehicle into a special 
purpose robot. 
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