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An innovative system for piston engine combustion with laser-induced ignition  

of the hydrocarbon fuel consisting carbon nanotubes 
 

The article proposes the concept of a new piston engine combustion system that is designed to meet future-oriented ecological 

requirements. The concept is to use ethanol as a fuel, in which a slurry of carbon nanotubes would be formed, which are characterized 

by the ability to ignite using a pulse of laser light fed into the combustion chamber. Modifying the shape of the light beam that penetrates 

the combustion chamber would allow to control the position and the size of the area in which the ignition of fuel would occur. 

The originality of the concept is to combine the latest achievements in the field of nanotechnology in the construction of lasers and 

the production of biofuels, so as to contribute to improving the environmental performance of engines using the existing synergies.  

The article discusses the prospects for the use of bioethanol as a fuel with zero carbon balance, a critical review of related research 

on light pulse initiated ignition of hydrocarbon fuels from carbon nanotubes was presented, and a review of studies of laser ignition for 

conventional fuels. The results of studies of carbon nanotubes suspensions in a variety of fuels conducted by the authors in order to seek 

solutions for the stable dispersions formation, that are resistant to nanotube agglomeration and sedimentation. The summary indicates 

directions for further research highlighting the importance of environmental impact. 
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1. Timeline of the development of internal  

combustion engines in automotive applications 
Reciprocating internal combustion engines have been 

used in car drives for over a hundred years, but in recent 

years there has been a growing tendency to replace them 

with electric motors. These types of efforts are politically 

motivated or dictated by fashion – ecology and modernity, 

but are devoid of rational technical justification. It is also 

worth noting that neither the electric nor hybrid vehicles 

can be regarded as an invention of modern times. 

 

 

Fig. 1. Nineteenth century electric car, which for the first time exceeded 

the speed barrier of 100 km/h, and an early twentieth century hybrid 

diesel-electric vehicle 

 

Road transport is one of the main sources of carbon di-

oxide and toxic air pollutants emissions. Air pollution con-

tinues to be a problem, especially in large cities, demanding 

an urgent solution. In this case the elimination of vehicles 

with combustion engines from city centers and replacing 

them with electric drive buses and taxis is an effective solu-

tion that can be quickly implemented. Such actions make 

sense, if they are local in nature, but striving for global 

replacement of combustion engines with electric motors as 

quickly as possible makes no sense. Well-to-wheel analysis 

indicates that as long as electricity is produced mainly in 

power plants burning fossil fuels the replacement of auto-

motive internal combustion engines with electric motors 

will not bring a radical improvement in transport ecology. 

Currently about 67% of globally generated electricity is 

produced in power plants through the burning of fossil 

fuels. The development of renewable energy sources does 

not even compensate for the power lost due to nuclear pow-

er plants shut offs, as a result the share of energy derived 

from fossil fuels does not even decrease [47]. 

In the case of electric cars the unfavorable ratio of 

stored energy to the battery mass remains an unsolved prob-

lem. If coordinated action is planned and initiated the chal-

lenging technical task of dramatically increasing the battery 

electricity concentration could be realized in the future; as 

in the past a clearly defined plan allowed building a vehicle 

in a few years that allows man to fly to the moon.  

An alternative to the search for solutions to increase the 

electricity concentration on board the electric vehicles is to 

improve the existing internal combustion engines. The 

authors believe that when determining further directions of 

automotive industry development the first consideration to 

take into account is the ratio of the expected benefits to the 

cost of a project and not its ambition. In this context, it is 

reasonable to strive for improvements to internal combus-

tion engines; where the ecological and economic aspects 

play a special role. The environmental performance cannot, 

however, be seen as a formal meeting of the current tests 

requirements, but to ensure that the actual emission of toxic 

compounds is as small as possible in all operating condi-

tions [38–40]. LCA analysis is an important issue. The 

paradigms presented above are the basis of the new piston 

engines combustion system concept proposed in the article. 

2. Innovative ethanol combustion system 
The presented concept involves the use of ethanol as  

a fuel, wherein a suspension would be formed from carbon 

nanotubes. Carbon nanotubes ignite under the influence of  
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a strong beam of light. Ignition of ethanol atomized and 

vaporized in the cylinder would follow from carbon nano-

tubes, ignited with laser light. The use of a laser would 

allow greater freedom in shaping the light beam, and there-

fore the fuel ignition would occur locally – in one or several 

locations in the cylinder, simultaneously or in a predeter-

mined sequence. It would also be possible to initiate bulk 

ignition by splitting the laser beam, ensuring a sufficient 

concentration of energy. Likewise, operating a laser igni-

tion system could be applied to other fuels, including gaso-

line or gaseous fuels. Choosing ethanol is dictated by its 

physical and chemical properties, and environmental char-

acteristics that predispose it as fuel for future engines, as 

well as the ease of creation and stability of cnt suspensions 

in ethanol. 

3. Ethanol as fuel for future engines 
Ethanol is widely used as a petrol additive both in Eu-

rope and in the USA, while its share in the fuel does not 

normally exceed 5–10%. It is assumed that the maximum 

safe ethanol content in gasoline for the conventional auto-

motive SI engines is around 10–15%. The Worldwide Fuel 

Charter recommends not to exceed 10% in its latest edition 

of 2013 [64]. Such fuel can be burned in standard spark 

ignition engines and the benefits from the addition of etha-

nol rely primarily on increasing the fuel resistance to 

knock, reducing greenhouse gas emissions and making the 

economy less reliant on oil. These benefits are obviously 

limited by the small share of ethanol in the fuel, but due to 

the total amount of fuel consumed it still has some econom-

ic importance. The world's largest ethanol producer is the 

US, where ethanol is produced mainly from corn, and the 

increase in production over the last decades was mainly due 

to its use as an additive to gasoline (Fig. 2). 

Increasing the share of ethanol in fuel for SI engines or 

even using pure ethanol instead of gasoline is possible, but 

requires engine and fuel supply system adaptation. Changes 

in the fuel system boil down to increasing the material 

corrosion resistance and using seals resistant to ethanol. In 

the engine itself the changes needed to allow ethanol com-

bustion involve the use of modified fuel mixture composi-

tion control software, in order to take into account the spe-

cific nature of the chemical reaction of ethanol combustion. 

These changes are sufficient, if ethanol is treated as a sub-

stitute for gasoline, especially in naturally aspirated engines 

of the older generation. This solution has been in use in 

Brazil for many decades, and experience shows that the use 

of ethanol, even as a standalone fuel without the addition of 

petrol, does not lead to serious operating problems. The 

only limit is the approximately 30% increased volume of 

ethanol fuel consumption compared to gasoline, and the 

need for extra starting fuel and/or fuel and air heating sys-

tems during start-up and warm-up phase of the engine. 

Vehicles adjusted for supply with any mixtures of ethanol 

and gasoline are called FFV (Flexible Fuel Vehicle). In the 

case of modern engines it also indicates a potential problem 

of lubricating oil dilution with ethanol and water condens-

ing in the cylinders as a result of the intensive cooling due 

to ethanol evaporation. Warming the oil up to operating 

temperature, however, causes rapid evaporation of ethanol 

and restores the original oil properties [50]. The basic prop-

erties of ethanol relevant to engine operation are shown in 

Table 1. 

 

 

Fig. 2. Production and consumption of ethanol in USA [65] 

 
Table 1. Properties of ethanol as engine fuel 

Parameter Ethanol Gasoline 95 

Density at 20°C  [kg/m3] 789 750 

Research octane number – 109 > 95 

Motor octane number – 90 > 85 

Heat of evaporation [kJ/kg] 841 330 

Heating value  [MJ/kg] 

[MJ/dm3] 

26.8 

21.2 

43.5 

31.8 

Stoichiometric air-fuel 

mixture  
[kgair/kgfuel] 9.0 14.3 

Distillation [°C] 78 40–215 

Flash-point [°C] 13 – 43 

Kinematic viscosity  

at 40oC 

[mm2/s] 1.2 0.5 

Elementary composition 

C 

H 

O 

[% m/m]  

52.2 

13.0 

34.8 

 

84.8 

13.3 

2.4 

 

While ethanol was formerly treated as a substitute for 

gasoline – in Brazil, or as an organic additive – in Europe 

and the US, it is now turning out that ethanol can be a very 

attractive fuel for future engines [50]. With the continued 

trend of downsizing and further increase in boost pressure, 

and thus inevitably – pressure and temperature in the cylin-

der, ethanol may end up being a more suitable fuel than 

gasoline.  

Engine downsizing is an effective method of reducing 

fuel consumption, and therefore the exhaust emissions of 

greenhouse gasses, and the obtained benefits are directly 

related to the degree of downsizing. The mechanical and 

thermal loads of engine components are the barrier to fur-

ther increasing engine unit power, and in the case of SI 

engines also the problem of knocking, especially the so-

called extreme knocking [62, 63, 70]. In the case of very 

large boost pressure even a single phenomenon of sponta-

neous mixture ignition initiated from hot components in the 

engine head (known as hot spots) can cause permanent 

damage to the piston-cylinder components [62]. As a result 

engines of this type use a two thermostats cooling system 

which ensures a lower temperature of the fluid flowing 

through the cylinder head in comparison to the rest of the 

engine block, sub-optimal compression ratios are used due 

to the engine efficiency, the air fuel mixture is deliberately 

enriched under maximum load conditions to cool the com-

bustion chamber and the ignition is delayed [60]. All these 

activities lead to a significant deterioration in engine per-

formance. As an extreme example of this is the ignition 

timing curve in the SI engine with direct fuel injection and 
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turbocharging range, as registered during the maximum 

acceleration road test at top gear and engine speed of 1,500 

rpm. To prevent excessive pressure buildup and knock 

burning, the ignition in these conditions is delayed up to 

several degrees after TDC (Fig. 3). 

 

 

Fig. 3. The characteristic of selected parameters of a TSI type BLG engine 

during a maximum acceleration road test of a VW Golf, the parameters 

listed in the legend are color coded with the axis labels [30] 

 

Regarding the relations described above, the character-

istics of ethanol are extremely valuable, such as high octane 

number and a large vaporization heat, which contribute to 

the effective cooling of the cylinder fuel mixture [50]. An 

engine designed for ethanol fuel may have a higher com-

pression ratio, thus significantly improving the overall 

efficiency under low and medium load, a similar effect 

relates to the accelerated ignition. On the other hand, under 

high load enriching the fuel mixture to cool the cylinder can 

be skipped, which in modern petrol-fueled engines of this 

construction like the TSI engine shown, significantly dete-

riorates their performance. It should be pointed out that 

resistance to ethanol knock depends on the engine operating 

conditions to a greater extent than it does for petrol. A pa-

rameter called the fuel sensitivity, representing the differ-

ence between the octane numbers RON and MON is about 

10 for gasoline, and about 20 for ethanol. 

The use of ethanol as fuel for internal combustion en-

gines will not only reduce greenhouse gas emissions but is 

also beneficial in terms of nitrogen oxides emissions and 

hydrocarbons [53]. These benefits outweigh the negative 

consequences of increased emissions of acetaldehyde [23, 

54]. One drawback of vehicles fueled with ethanol is the 

increased emissions by evaporation from the fuel supply 

system [19]. 

Developing industrial ethanol production on a mass 

scale is also justified by the fact that in the long term, it can 

become an energy carrier for fuel cells. For this application 

ethanol can be much more attractive than hydrogen, for 

which the chain of production, distribution, transportation 

and conversion into electrical energy is characterized by 

low efficiency and high environmental cost. 

While today ethanol produced on an industrial scale 

comes from raw materials that could become food – corn in 

the US, sugar cane in Brazil or grain in Europe, it is possi-

ble to develop its production from wood waste or organic 

waste in the future. 

European ethanol is usually produced from cereals and 

potatoes. In the US, Canada and China, the main raw mate-

rial is corn. The largest amount of the world production of 

ethanol (approximately 60%), however, comes from the 

processing of sugar cane. This raw material is used, among 

others, in Brazil. The raw materials for bioethanol produc-

tion can generally be divided into three groups [6]: 

–  containing sucrose: sugar cane, beetroot, sorghum, and 

some fruit, 

–  containing starch: wheat, rye, barley, potatoes, corn, 

rice, cassava, 

–  lignocellulosic biomass: energy crops, by-products from 

agriculture and the timber industry, paper and cardboard 

as fraction of municipal waste. 

Bioethanol produced from last group raw materials be-

longs to 2nd generation of biofuels. While today ethanol on 

a commercial scale is produced mostly from materials 

which can be used for food purposes, the expansion of 

ethanol production from wood waste or discarded food 

remains is expected to grow significantly. 

4. Carbon nanotubes 

4.1. Basic information regarding cnt 

Carbon nanotubes are one of the allotropic forms of 

carbon, such as: graphite, diamond, fullerene, graphene and 

a variety of amorphous variations. These allotropic varieties 

differ radically in their physical and chemical properties. 

Such differences arise from the spatial structure of crystal-

line carbon atoms and their interactions. The structure 

schematic of selected varieties of allotropic carbon are 

shown in Figure 4.  

 

 

Fig. 4. Crystalline structure of graphite (a), diamond (b) and carbon nano-

tube (c) 

 

The carbon nanotube shown in Figure 4 is a single-

walled carbon nanotube (SWCNT), characterized by the 

simplest structure; a more common variant are, however, 

multi-wall carbon nanotubes (MWCNT) formed from con-

centrically superimposed single-wall nanotubes with differ-

ent diameters. By purposefully adjusting the growth precur-

sor selection of nanopowder metal as well as the atmos-

phere and temperature of the CVD (Chemical Vapor Depo-

sition) process, it is possible to obtain both of these nano-

tube variants with lengths ranging from a few nanometers 

to many micrometers and a controlled diameter. The diame-

ter of single-wall nanotubes is typically between 1 to 2 nm, 

multi-wall nanotubes have diameters from 2 to more than 

tens of nm, wherein the separation between successive 

concentric layers is fixed at 0.36 nm [9]. 

Graphite, diamond, and amorphous carbon form – 

sometimes imprecisely referred to as DLC (diamond like 

carbon) – all found industrial applications, including in the 

construction of internal combustion engines [59]. Carbon 

nanotubes were discovered in the '90s of the last century, 

but particularly intense development of nanotubes research 
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occurred at the beginning of the XXI century. A number of 

laboratories was established, which could grow, study, and 

develop nanotubes applications, but only a few of them 

have survived to this day [67]. Carbon nanotubes still pri-

marily remain the subject of intensive applications research, 

and their industrial applications are relatively few in num-

ber as of yet [8, 10, 20]. The increase in carbon nanotubes 

production makes their price is halved every year [9, 67], 

and ceases to be a barrier preventing many of the possible 

industrial applications. 

Because of their many functionally significant charac-

teristics, from the engineering perspective, carbon nano-

tubes significantly exceed the best previously known con-

ventional materials. It seems that their practical applications 

are limited so far because any engineering design can find  

a material characterized by a set of functionally essential 

characteristics. In this group of functionally significant 

characteristics the most crucial is the weakest feature, like 

the weakest link determines the strength of the chain. 

4.2. Carbon nanotubes interaction with light 

Among the many unique features that the carbon nano-

tubes possess is their ability to ignite under the impulse of 

light, e.g. a normal camera flash, was recognized relatively 

early. This phenomenon was found for single-wall carbon 

nanotubes grown in the CVD process, and untreated (pris-

tine CNT) forming a small low density sample, giving it  

a “fluffy” appearance. The power density required to ignite 

a sample of SWNTs having a density of 0.2 g/cm
3
 is about 

100 mW/cm
2
. In an attempt to understand the basic physi-

cal phenomena the role of light absorption with a broad 

wavelength spectrum was emphasized, extremely high heat 

conductivity typical of nanotubes, and the oxidation pro-

cess. It was estimated that the local temperature of nano-

tubes must exceed 1500°C [1].  

A purely thermal mechanism may be insufficient to de-

scribe the self-ignition of carbon nanotubes, especially 

when using a monochromatic light source such as a laser [3, 

57]. In [58] attention was drawn to the fact that the nano-

tubes ignition under the influence of a light pulse is accom-

panied by a photo-acoustic effect, the resulting sound pres-

sure level is sufficient to modify the structure of the nano-

tubes. Most importantly, however, it has been shown that 

the presence of iron nanoparticles, which are used as  

a catalyst for initiating growth of the nanotubes in the CVD 

process, is essential for the light-induced ignition of the 

nanotubes. These particles are usually not removed, and 

they are the main contaminant of nanotubes described as 

pristine cnt or industrial grade cnt, after the removal of 

these contaminants the nanotubes lose the self-ignition 

ability. In order to explain the process of light-induced 

spontaneous combustion it can be assumed that the iron 

nanoparticles oxidize generating heat which initiates  

a chain reaction [58]. Showing the key role that nanoparti-

cles of iron play in this process also demonstrated that both 

single-walled and multi-walled nanotubes can ignite when 

exposed to light. In [56] a quantitative analysis of chemical 

reactions proposed in [58] was conducted, validating the 

assumed course of spontaneous combustion mechanisms. 

An interesting case is described in [52] where spontane-

ous ignition of a polyurethane-nanotube composite was 

observed during Raman spectroscopy. The ignition was 

caused using a laser beam having a wavelength equal to 

632.8 nm, and low output power typical for measurements 

with the Raman method. It was further noted that neither 

the nanotubes nor the polyurethane present in the composite 

underwent spontaneous ignition when illuminated with 

laser light on their own, not until they were combined into  

a composite with very high nanotube dispersion. The key 

factor towards explaining the ignition of the composite is 

that the carbon nanotubes used in it have the maximum 

light absorption wavelength of approximately 650 nm, 

similar to the laser wavelength. The polyurethane is trans-

parent for this wavelength, but by surrounding the nano-

tubes it insulated them thermally from the environment, 

whereas the porosity of the composite allowed for oxygen-

access and for the combustion to initiate [52]. 

By pulverizing the composite with the carbon nanotubes 

and the oxidizer sealed in the transparent resin a fuel addi-

tive can be made, which under the influence of light initi-

ates combustion. Similar solutions were tested successfully 

in [5]. IDEM also indicated a quantitative relationship be-

tween the iron concentration in the nanotubes sample and 

the minimum light-initiated ignition energy. It has been 

shown experimentally that the phenomenon of light-

initiated ignition of carbon nanotubes can be used for ignit-

ing liquid fuel. A particularly wide range of carbon nano-

tubes suspension concentrations, which can provide a light 

initiated ignition, was observed for methanol [5].  

Carbon nanotubes are not the only nanomaterial for 

which the ignition can caused by a flash of light, a similar 

phenomenon was described for aluminum nanopowder 

[45]. 

In addition to the research relating to light-induced igni-

tion of nanoparticles outlined above, a number of studies 

was performed aimed at the use of carbon nanotubes as an 

additive for engine fuel allowing light initiated ignition. 

The conclusions listed below can be formulated on this 

basis. Consideration should be given, however, that the 

dominant part of the studies conducted so far used xenon 

lamps as a light source; differing from the nanosecond 

Nd
3+

:YAG laser in that they emit non-coherent out of phase 

light in a broad wavelength spectrum, with burst duration of 

at least a thousand times longer and a low energy density. 

–  Light induced ignition requires the lowest amount of 

energy when using single-wall carbon nanotubes with 

carbon content of over 40% [4]. 

–  Using a xenon lamp in combination with different 

broadband filters, there was no strong correlation be-

tween the minimum ignition energy of the nanotubes 

and the wavelength of the incident light, thus photo-

thermal nature of the ignition phenomenon was adopted 

[4]. 

–  A strong relation between the pulse duration and the 

minimum energy required to initiate ignition was found, 

the shorter the pulse the less energy was needed [4]. 

–  The use of carbon nanotubes and light induced ignition 

accelerates the process of gas burning (methane, ethane) 

and expands the flammability limits in comparison with 

spark ignition [23]. 
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–  The use of laser changes the nature of the mixture com-

bustion process from deflagration to detonation [57]. 

4.3. Nanotubes in the piston engine combustion process 

Carbon nanotubes are formed naturally in a piston com-

bustion engine and their presence in the exhaust has been 

proven in studies presented in [21, 35–37]. The nanotubes 

present in the exhaust gas have a relatively short length, due 

to their short period of growth limited by the length of the 

combustion cycle [36]. The process of formation of nano-

tubes occurs intensively in spark ignition engine, powered 

by petrol or gas. In [2] it was demonstrated that growth of 

nanotubes can be purposefully continued outside the cylin-

der engine – on a metal plate placed in the exhaust system. 

Carbon nanotubes, same as soot, have the ability to adsorb 

the particles of toxic pollutants present in the exhaust gas to 

their surface as well as agglomeration.  

It seems that especially important results were shown in 

[55], where it is indicated that the ferrocene [Fe(C5H5)2] 

present in small amounts in the fuel causes a drastic in-

crease in the emission of carbon nanotubes, where nano-

tubes present in the exhaust gases contain nanoparticles of 

iron with diameters of 5 to 10 nm. This process occurs 

intensively in diesel fuel with high sulfur content. The re-

sults are disturbing, because ferrocene is a widely used 

catalytic additive to diesel fuel; it is also used to increase 

the octane number of gasoline. The results obtained in [55] 

are completely understandable when considering the simi-

larity of conditions in the cylinder of the running engine 

and the reactor deliberately growing nanotubes (cnt growth) 

in the CVD process, and iron nanoparticles are normally 

entered in this process as precursors for nanotubes growth.  

The results shown in [55] indicate the need to exercise 

extreme caution in proposing such combustion systems 

concepts which require the addition of metallic nanoparti-

cles into the fuel. The results of many of the conducted 

experiments lead to expect that nanotubes added to the fuel 

(fuel-borne) will have been burnt in the cylinder, causing 

relatively harmless carbon dioxide and carbon monoxide, 

whereas metallic additives can potentially become a source 

of secondary emissions, especially of carcinogenic nano-

tubes decorated with metallic nanoparticles. The indicated 

problem undoubtedly requires further studies. On the one 

hand, the action mechanism of carcinogenic carbon nano-

tubes and accompanying conditions have not yet been 

clearly understood, on the other hand, the results of recent 

work clearly indicate the beneficial effect of fuel metallic 

nano-additives in the combustion process. 

In [51] the existence of a synergistic effect resulting 

from the simultaneous addition of carbon nanotubes and 

cerium oxide to fuel diesel engine was indicated. Signifi-

cant benefits were obtained despite using low concentra-

tions of both types of nanoparticles in fuel of up to 100 

ppm. The carbon nanotubes act as a catalyst to accelerate 

the burning rate which results in decreased ignition delay 

and causes the lower heat release rate and advancement of 

the peak heat release rate. The cerium oxide nanoparticles 

act as an oxygen donating catalyst, which provides oxygen 

for the oxidation of carbon monoxide and absorbs oxygen 

for the reduction of nitrogen oxides [51]. The synergistic 

effect of the addition of functionalized carbon nanotubes 

and cerium oxide to biofuel for a diesel engine is also de-

scribed in [41], more broadly, the issue of nano-additives to 

biofuels was discussed in [7, 48, 49]. 

Carbon nanotubes were also added to fuels for SI en-

gines, which proved to be an effective anti-knock addition 

as well as raising the octane number [34]. 

In a number of works increases of the hot-plate ignition 

probabilities of ethanol due to the introduction of several 

different types of NP suspensions were found. Nanoparti-

cles such as Al2O3, Fe3O4, and carbon nanotubes were test-

ed [25, 26, 29]. In the engine operation aspect the most 

promising seems to be the observed rapid evaporation of 

the suspension of nanotubes in ethanol when compared to 

pure ethanol, [26, 29]. 

A relatively large number of publications relates to gas 

engines research in which the combustion process has been 

successfully modified through the addition of carbon nano-

tubes. A particularly valuable feature of nanotubes is in this 

case the acceleration of the lean mixtures combustion and 

extending the boundaries of the combustion of lean mix-

tures, as reported in [11–13]. 

4.4. Carbon nanotubes in hydrocarbons suspensions 

Nanotubes are not solubilized, rather they are suspended 

as individual particles in the fluid, like an ink or paint. 

Carbon nanotube suspensions can be made in a number of 

ways, and with a number of fluids, where due to the method 

of suspending the solvents they can be split into polar and 

nonpolar. It is useful to start by modeling the nanotubes as 

rigid rods in a liquid suspension, to determine how far apart 

they may be for a given concentration.  

When particles with a large aspect ratio (like carbon 

nanotubes) are dispersed in a solvent, they will rotate, due 

to the Brownian motion or in the presence of a velocity 

gradient (flow). This rotation creates a large effective hy-

drodynamic radius, and each nanotube sweeps through a 

spherical volume. For a nanotube with an aspect ratio of a =  

= L/d, the ratio (R) of the nanotube's actual volume Vactual =  

= (0.785 a d
3
) to the volume of the swept sphere Vsphere =  

= (0.523 a
3
 d

3
) simplifies to: R = 3/(2a

2
). Aspect ratios for 

carbon nanotubes are equal to ~2000. For example, 

MWCNT are often 20 microns long and 10 nm in diameter, 

and SWCNT are often 2 microns long and 1 nm in diame-

ter. The volumetric ratio R for nanotubes of this aspect ratio 

is 4×10
–5

 vol%, which is less than 1 milligram per liter. At 

any greater concentration, the nanotubes will intrude upon 

each other’s hydrodynamic spheres and hinder each other’s 

rotation. This is the primary reason that nanotube suspen-

sions are difficult to make and increase in viscosity quickly.  

Nanotubes will interact with each other's hydrodynamic 

radius at any appreciable concentration. This would result 

in entanglement and the creation of large agglomerates, if 

there was no repulsive force to keep them from aggregat-

ing. When pristine nanotubes are suspended in hydrocar-

bons, they will aggregate and form a loose sediment on the 

bottom of the container, with a clear supernatant. To pro-

vide a repulsive force, it is necessary to electrically charge 

the nanotubes so that they repel each other and prevent 

agglomeration from occurring. This may not completely 

stop gravity-induced settling, but any sediment will then be 

made up of individual nanotubes, not agglomerates [68]. 
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Pristine SWCNTs form „bundles” out of parallel-

arranged, adjacent side walls of the CNTs. Multi-walled 

carbon nanotubes (MWCNT) are entangled in a chaotic 

tethered pattern of crossed fibers forming a mesh configura-

tion [14, 28, 69]. The number of contacts which can form 

between neighboring MWCNTs increases dramatically with 

the length of the CNTs. Therefore, the binding of a clus-

tered network of long MWCNTs is extremely strong, where 

each contact effectively acts as a cross-link fixing the net-

work together [28]. The use of short CNTs therefore seems 

to be a simple and effective way that allows for obtaining  

a good dispersion. Figure 5 shows a comparison of the 

samples with ethylene glycol to which pristine MWCNTs 

were added. The CNTs were obtained using the same CVD 

process, but some of them have undergone a longer me-

chanical milling process, so that their length is much short-

er. After adding the pristine CNTs the samples were only 

shaken by hand, they were not sonicated at all.  

The dispersion of CNTs in low viscosity liquids, such as 

gasoline and ethanol can be effectively supported by the 

sonicating process. Ultrasonicating can effectively break 

SWCNT aggregates without damaging their structure; in 

the case of MWCNT effective breakdown of agglomerates 

is associated with the shortening of length of the CNTs 

predicted by theoretical considerations [28] as well as con-

firmed in several independent experiments. Both theoretical 

considerations [28] and experiments [14] indicate that after 

a long sonicating time a defined target length of the CNTs 

is obtained and the process of further shortening does not 

occur. The authors' own experiments show that the soni-

cating process is not effective in the case of viscous liquids 

such as lubricating oil or diesel fuel. In contrary to soni-

cation, using dispersion by shear-mixing can be effective in 

viscous fluids [32]. 

 

 

Fig. 5. Comparison of pristine MWCNT, long (5-20 µm, two on the left) 

and short (1-3 µm, two on the right) dispersion in ethylene glycol 

(Volkswagen Brake fluid DOT 4 two at the front and G13 cooling liquid 

concentrate two at the back) 

 

Visual inspection of the nanotubes dispersion in hydro-

carbons has a preliminary character, however, after con-

ducting a series of experiments with different types of car-

bon nanotubes and various hydrocarbons, it can be con-

cluded that using ethylene glycol allows for extremely 

easily obtaining relatively stable suspensions. In most cas-

es, however, shortening of carbon nanotubes is not an effec-

tive method for obtaining a satisfactory dispersion degree 

and then the rule is to use different physical and chemical 

processes, with the aim to induce electric charge in the 

nanotubes. Electrically charged nanotubes repel each other, 

which impedes agglomeration, but does not always prevent 

sedimentation. Even if sedimentation occurs the resulting 

precipitate consists of individual nanotubes rather than their 

agglomerates, which makes redispersion dramatically easier.  

In practice, it is extremely difficult to anticipate the abil-

ity of a certain type of nanotubes to form a suspension in  

a certain solvent. The multiple experiments by the authors 

lead to the conclusion, that among commercial fuels, the 

formation of a stable suspension in diesel fuel has proven 

the most challenging, similarly in vegetable oils. Obtaining 

a stable cnt suspension in commercial gasoline is much 

easier. However, even compared to gasoline ethanol is  

a very good solvent for the nanotubes. For this reason it is 

often used in many chemical treatment processes of nano-

tubes, and sometimes it is virtually impossible to obtain 

nanotubes sedimentation in ethanol, even after prolonged 

centrifugation [68]. An example of a bad solvents are Hex-

anes, seen in Fig. 6 which shows a sample of Hexanes, 

gasoline and ethanol in which that obtaining the dispersion 

of the nanotubes with the bamboo type structure was at-

tempted, with diameter of about 30 nm and a length in the 

range of 1–5 microns. The nanotubes are electrically 

charged by the incorporation of COOH groups on their 

surface. ODA (Octadecylamine) and HATU were used in 

the preparation process among others. The illustrational, 

although representative nature of the results presented in 

Fig. 6 should be emphasized; the use of specific nanotubes 

and their preparation procedures can lead to a reversal of 

suspension quality obtained for gasoline and ethanol. 

Visual inspection of the contents of sample no. 14 com-

prising a cnt suspension in ethanol does not allow to visual-

ly determine the presence of any agglomerates. Figure 7 

compares pictures of the resulting dried fuel droplet from 

the sample no. 14 and 12 applied to a sheet of paper as seen 

by light microscopy. 

 

 

Fig. 6. Attempt at obtaining a similar concentration bamboo-structure 

MWCNTs solution, in ethanol (vial no. 14), hexanes (vial no. 13) and US 

commercial gasoline (vial no. 12) 

 

An image obtained using a simple optical microscope 

allows for a clear illustration of the difference in size of the 

cnt agglomerates produced in the gasoline and the practical-

ly almost invisible agglomerates in ethanol. Further exami-

nation of specimen no.12 is pointless, agglomerates of 

nanotubes are so large that they would certainly cause im-

proper operation of the fuel supply system of a modern 
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engine. It was found that for gasoline significantly better 

results can be obtained if the multi-walled nanotubes are 

replaced with single wall carbon nanotubes with a diameter 

of about 1.5 nm and a length in the range of 1–5 microns.  

 

 

250 µm 250 µm 

 

Fig. 7. Pictures of dried fuel drop on a piece of paper, the image from an 

optical microscope, at 60× magnification. On the left the fuel sample no. 

12 (petrol), on the right no.14 (ethanol) 

 

In order to prepare the sample for SEM to investigate 

the CNTs dispersion in hydrocarbons a drop of the solution 

was applied on an aluminum foil and evaporated at room 

temperature. The process of evaporation was associated 

with a temporary critical increase in the concentration of 

CNTs and as a result could have led to the agglomeration of 

CNTs on the surface of the aluminum foil, thus falsifying 

the results. It could certainly not, however, give a falsely 

negative test result for the presence of agglomerates [32]. 

Figure 8 shows an example of images obtained for etha-

nol with MWCNTs (as in vial no. 14), the results for the 

gasoline SWCNT are shown in Figure 9; all the images 

shown were made using a Field Emission Scaning Electron 

Microscope JEOL JSM-7001F. 

The obtained images allow for the formulation of the 

comments listed below with respect to the suspension of 

nanotubes in ethanol. 

–  When using standard electron microscope it’s impossi-

ble to measure the cnt agglomerates diameter in liquid 

fuel (not after evaporation), due to its high partial pres-

sure. 

–  There is no easy way to measure the cnt agglomerates 

diameter in real fuel spray, but there are some laser light 

based method known in engine research, they could be 

adopted for this task. The laser wavelength set the reso-

lution limit. 

–  The long time stability over weeks and months couldn’t 

be tested during the short trial. 

–  The view focused on one of the biggest agglomerates 

(ca 30 micrometers diameter) shows large surface 

around covered with well dispersed CNT’s. There are 

some smaller agglomerates or impurities visible in area 

around. 

–  The small CNT bundles of about 1 micrometer or less in 

diameter will be probably not filtered out in the engine 

fuel supply system. The bigger agglomerates can be 

probably easy removed by using the centrifuge or dis-

solved during longer sonicating process; eventually by 

using other, e.g. mechanical treatment methods. 

–  In the aspect of laser induced fuel ignition it is unknown 

if it’s desired to keep the cnt’s fully dispersed, or maybe 

the relatively small cnt bundles (1 micrometer or less) 

can improve the fuel ignition process. The agglomerates 

of diameter less than 1 micrometer will be probably not 

critical for the engine injection system, where the nozzle 

hole diameter is 100 micrometers or more. 

 

 
 

 

 
 

 

Fig. 8. MWCNT in ethanol (vial no. 14) subsequent images show increas-

ing magnification 
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Fig. 9. SWCNT in commercial US gasoline subsequent images show 

increasing magnification 

5. Laser induced ignition in IC engines 

5.1. Experiences with the use of lasers in engine proces- 

ses research  

Lasers of various designs have been used for many years 

in research of in-cylinder processes, plentiful experience 

gained in these studies [71, 72] can be used in the ignition 

concept presented in this article. One of the simplest applica-

tions of laser in engine research is its use as a source of light 

to take a photograph of the fuel atomization process. The 

authors discussed their experiences in this field in [31]. It is 

worth noting that a great progress in laser technology has 

been made in the last decade, especially for Nd
3+

:YAG la-

sers. An example of such a laser for laboratory research is 

shown in Figure 10 [31, 66]. Such a laser emits radiation at 

the wavelength of 1064 nm, the second harmonic generator 

can convert this wavelength into 532 nm. The laser light is 

generated in the course of pulses lasting several nanosecond. 

The pulse energy in the wavelength range 532 nm is equal to 

300 mJ. The experience of the authors indicate that in order 

to achieve correctly exposed images of a fuel jet the impulse 

energy restricted to a few mJ is sufficient. Figure 11 shows  

a comparison of fuel jet photos lit with halogen bulbs and 

laser light. Pictures were made while maintaining the same 

parameters of the camera for quick photos. In the first case 

two lamps with 250 watt bulbs were used and in the second 

case the image illumination was realized with Laser Contin-

uum Surelite SL II-10 [66]. 

 

 

Fig. 10. Impulse Nd3+:YAG laser with a second harmonic generator prepared 

for fuel atomization tests. 1: laser head with the rod and pumping lamp, 2:  

Q-switch, 3: second harmonic generator, 4: harmonic separator [66] 

 

 

Fig. 11. Comparison between halogen lamps (left picture) and the laser 

(right picture) as a light source for illuminating the fuel spray injected into 

the pressure chamber, the two image frames were recorded after 1300 

microseconds after the start of the injection [31] 

 

In the authors' opinion, the laser light is more appropri-

ate than a xenon discharge lamp light for the application 

concept of the ignition of hydrocarbon fuel with a suspen-

sion of carbon nanotubes discussed in this article. A num-

ber of the unique characteristics of laser light can be used 

with this solution, as listed below. 

–  Laser light is monochromatic, and the wavelength is 

important for its interaction with carbon nanotubes, as 

demonstrated by the results of Raman spectroscopy, and 

absorbance measurements [15, 16]. It is appropriate to 

use Nd
3+

:YAG lasers in engine applications, because of 

their widespread use and the ability to generate harmon-

ics with a wavelength of 532 nm, 355 nm and 266 nm. 

The use of light in the ultraviolet range may be advanta-

geous due to their more intensive interaction with car-

bon nanotubes, however, the energy of these wave-

lengths is limited due to the enhanced harmonics gener-

ator circuit. In addition, delivering ultraviolet light to 

the cylinder may require the use of special glass screen, 

such as sapphire. 

–  Very small divergence of the laser beam allows for the 

beam to be focused by an optical system on any point in 

the combustion chamber. The beam can be formed in  

a targeted manner, for example to form a thin plane 

(light sheet) which can be used to force ignition not at  

a point, but in a controlled volume of the cylinder. 

–  The duration of the laser pulse is limited to a few nano-

seconds and a high concentration of energy facilitates 

the ignition of nanotubes. The flash of a xenon lamp 

usually lasts longer than 100 microseconds, it is at least 

10,000 times longer than a laser light pulse, so even  

a small laser provides an energy concentration that is 

virtually unattainable for any other light source. The 

tests in [17] indicates that a shorter pulse results in a 

significant reduction of the minimum energy required to 

ignite the nanotubes. 
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–  The results of optical studies of in-cylinder processes 

indicate that contaminants originating from combustion 

and settling on the cylinder optical access window is 

one of the key problems. A laser beam directed through 

a glass window to the interior of the cylinder is effective 

in burning off impurities and ensure the transparency of 

the windows [27]. 

5.2. Experiences with laser ignition of conventional  

hydrocarbon fuels 

The laser ignition as an alternative to the conventional 

ignition system, implemented with an electric spark be-

tween the electrodes of the spark plug, has been studied in 

conventional IC engines for many decades. The original 

motivation for using the laser system have been attempts to 

increase the efficiency of fuel burning in conventional en-

gines and reducing emissions. Another factor accelerating 

the work on the use of laser ignition was a tendency for 

building lean-burning engines. In particular for engines 

burning gaseous fuels and the attempt to increase the ex-

haust gas recirculation level. There are numerous review 

articles, which examined in detail the results of many stud-

ies conducted on the use of laser ignition in engines burning 

a variety of hydrocarbon fuels [22, 42, 46], thus such a 

review of results will not be repeated in this article. It has 

been shown that the replacement of the conventional igni-

tion system with a laser ignition system achieves consider-

able benefits in improved engine performance and opera-

tion. Appropriate technology has been successfully tested in 

laboratory conditions, but had never been used in mass 

production. It is worth noting that in terms of the applica-

tion a breakthrough can be brought about by the develop-

ment of laser technology observed in recent years. In par-

ticular reducing the production costs while maintaining 

high reliability, durability and resistance to harsh working 

conditions for Nd
3+

:YAG lasers pumped with semiconduc-

tor diodes.  

In most of the previous work on the laser ignition sys-

tem an optical system was used to focus the laser beam in 

one or several points in the cylinder volume, which leads to 

the formation of plasma. The local energy density obtained 

in this way produced conditions somewhat similar to the 

conditions present between the electrodes of the spark plug 

at flashover time. The concept proposed in this article, 

where the aim of adding carbon nanotubes to fuel is a dras-

tic reduction of the minimum ignition energy, should be 

stressed as a different solution. This way the relatively 

small energy laser beam does not have to be focused, but 

purposeful shaping of the beam could be used as a method 

to force the ignition in a controlled, much larger selected 

volume of space in the cylinder. Despite the distinct con-

cepts presented here, the results of previous work on the 

laser ignition of conventional fuels shown below can be 

used for the realization of the concepts proposed in the 

article. 

–  Ignition of conventional fuel usually uses a laser beam 

with a pulse energy in the range of one to several tens of 

mJ. To achieve laser ignition of hydrocarbon fuels an 

power density (laser pulse intensity) in the range of 

1010–1011 W/cm
2
 is needed [61]. 

–  Diode pumped Nd
3+

:YAG lasers are typically used, with 

a primary wavelength of 1064 nm, second harmonic of 

532 nm, but also CO2 gas lasers emitting infrared later 

have been used successfully. 

–  The ignition volume in which a forced laser ignition 

occurs is greater than that of the spark between the elec-

trodes of the spark plug, it is also true for focused laser 

beam ignition systems. 

–  In the case of previously conducted studies of conven-

tional hydrocarbon fuels the non-resonant ignition 

mechanism plays a dominant role. 

–  No electrodes common for the spark plug ignition sys-

tems facilitates intentional shaping of the fuel dose 

movement in the cylinder in the compression process 

and then improves the spread of flame and reduces heat 

dissipation at the early stage of the flame development. 

–  It is assumed that four different mechanisms can lead to 

the laser ignition of fuel: thermal initiation, non-

resonant breakdown, resonant breakdown, and photo-

chemical ignition.  

–  In the case of previously conducted studies of conven-

tional hydrocarbon fuels a dominant role is attributed to 

the mechanism of non-resonant ignition [61]. For a fuel 

with a suspension of carbon nanotubes, especially in the 

presence of iron oxide thermal ignition mechanism 

plays a crucial role, the authors attribute the potentially 

the most promising role to the occurrence of the other 

two effects in the presence of carbon nanotubes. 

6. Conclusions 
The development of the world economy and an increase 

in the number of cars forces a search for new, more envi-

ronmentally friendly technical solutions for transport. The 

article presents the concept of a new piston combustion 

engine system. The originality of the concept is to combine 

the latest achievements in the field of nanotechnology in the 

construction of lasers and the production of biofuels, to use 

the existing synergies to contribute to improving the com-

bustion engines environmental performance.  

The concept presented in the article is the use of ethanol 

as a fuel where a suspension of carbon nanotubes would be 

formed, which are characterized by the ability to force 

ignition using a light pulse. A laser was chosen as the 

source of the light pulse, while changing the shape of the 

light beam penetrating the combustion chamber would 

allow control of the position and the size of the area in 

which the ignition of fuel would be induced. 

The futuristic concept of an engine combustion system 

has been proposed because it allows achieving a number of 

synergistic benefits, the most important of them are listed 

below. 

– Ethanol is a fuel with a high ecological potential, thus it 

is already widely used in the world as an additive to 

gasoline. The particularly attractive aspects of this fuel 

are the possible future methods of its production, which 

could achieve zero carbon dioxide emissions in the fuel 

production process. 

–  Properties of ethanol, such as a high octane number and 

high vaporization heat, make it a very attractive fuel for 

future engines regardless of the environmental benefits, 
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allowing for the further development of the concept of 

downsizing.  

– The preliminary results in the article allow to conclude 

that among all the most common engine fuels ethanol 

allows for the creation of the most stable carbon nano-

tubes dispersions, effectively limiting the phenomena of 

agglomeration and sedimentation. 

– The ability of carbon nanotubes to undergo ignition 

induced with a pulse of light is their unique feature. In-

dependent studies have shown that nanotubes interact-

ing with ferrocene may force the ignition of convention-

al hydrocarbon fuel with just the light of camera flash. 

A higher rate of combustion and wider flammability 

limits of the mixture (in a wider lambda range) is ob-

tained this way compared with the conventional spark 

ignition. 

–  Replacement of the camera flash used by foreign au-

thors with laser light allows taking advantage of the 

unique characteristics of laser light. Key advantages of 

the laser is a shorter pulse duration and energy concen-

tration in the beam higher by several orders of magni-

tude and a unique opportunity to shape the laser beam 

with simple optics. 

At the same time, problems that may hinder the practical 

application of the described concept have been identified. 

–  Carbon nanotubes are a relatively recently discovered 

material and therefore their impact on the environment 

and human health is not yet fully understood [35, 43, 

44, 61]. Although nanotubes do not exhibit acute toxici-

ty, and therefore they are for example intentionally in-

troduced into the human body to accelerate the mending 

of broken bones [33], or are used to filter the air in the 

life support systems of spacecraft [18]. It is uncertain, 

however, whether or not they have any negative long-

term health effects resulting from interaction with the 

human body.  

–  Many studies point to the carcinogenic effect of pristine 

cnt nanotubes growth in the cvd process, which have 

metal nanoparticles incorporated on their surface. 

Therefore the use of ferrocene in the presented concept 

combustion system should be restricted. 

Further studies are necessary to verify the proposed 

concept, and in particular a fuel injection technique into the 

pressure chamber and then testing the engine is required. 

Regardless of the results of engine research it is necessary 

to shed light on the impact of nanoparticles emitted by the 

engine on the environment and human health. This issue is 

particularly relevant in a broader context, because nanopar-

ticles are added to fuels more and more often – for both 

petrol and diesel fuel as anti-knock and soot oxidation cata-

lyst additives. 
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FFV  flexible fuel vehicle 

SWCNT single-walled carbon nanotube 

MWCNT multi-wall carbon nanotubes 

CVD chemical vapor deposition 

DLC diamond like carbon 

NP nanoparticles 

ODA octadecylamine 
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