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Abstract 

The present work deals with the investigation of the feasibility of iron 

nanoparticles oxidation in real internal combustion engine conditions. The engine 

adopted in the study was properly modified in order to accomplish the in-cylinder 

injection of a metal nanopowder aerosol. Ignitability, combustion behavior, heat 

release, thermodynamic engine parameters and temperature of the burning particles 

were experimentally characterized. The combustion analysis indicates that the 

estimated combustion time of the metal nanoparticles appear longer and lower with 

respect to the diesel fuel, while optical measurements of burning particle radiation 

have shown peak temperature close to 2500 K. Therefore, it was supposed that 

melting of both metal and oxide occurred during the main combustion event, 

followed by a later and slower solidification process. 

Introduction 

The idea of using metals as fuels for Internal Combustion Engines (ICE), and/or 

energy carriers, started a few decades ago [1] and relies on two main 

characteristics: the energy content per unit volume of some metals is significantly 

higher than conventional liquid fuels and, under certain conditions, the only 

product derived from their combustion is the correspondent metal oxide. The main 

characteristics of iron are listed in Table 1 and compared to a conventional diesel 

fuel. Looking at the combustion product, Fe appears theoretically, as one the best 

candidate fuels to reach the target of the “total” zero-emission combustion engines, 

including the carbon dioxide. Indeed, within the hypothesis of the complete 

oxidation of the solid fuels at a temperature below the NOx formation threshold, 

the metal oxide could be totally collected in the exhaust line and recycled via a 

reduction process. 

Various unsuccessful attempts were made in the past decades using metal powder 

as fuels for ICEs. The key problem was the use of micron-size powders whose 

imply several drawbacks as, high ignition temperatures and uncontrollable gas-

phase combustion process, difficulties in achieving a fine homogeneous dispersed 

aerosol and heavy clogging and wearing phenomena with moving parts of the 

engine (piston-cylinder line and valve train). In particular, the first is the most 

critical point that makes the micron-size powders unsuitable for ICEs. 

According to the Glassman’s criterion [2], for large or micron-size particles of 

metals with an oxide volatilization temperature greater than the metal boiling point 

(as Al and Fe), the combustion proceeds in the vapour phase with very high 

temperature in the neighbourhood of the particle surface. This is the main reason 
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why studies and practical applications of metal-based fuels have been limited to 

rocket propellant related applications [1][2]. 

Recent progress in nanotechnology applied to the tailoring metal particles, new 

scenarios in energy exploitation of metal nanopowders have been opened. In 

particular, it has been demonstrated that the most suitable way of achieving good 

control of a metallic fuel combustion process can be obtained by tuning the size of 

its primary particles. Preliminary studies indicated that, in the nanoscale regime, 

metallic powders, such as iron, are combustible in timescales comparable with the 

ones of engine cycle and the phenomenon occurs either in solid or liquid state [3]. 

The increased reactivity and controllability of nanopowders oxidation process, 

within reasonable ranges of temperature and pressure conditions, is attributable to 

their substantially high surface area [2]. 

In the present study, the analysis of Fe nanoparticles has been carried out in 

relation to the macroscopic characteristics of the engine combustion process. 

Results revealed the possibility to realize ICE combustion with timescale 

comparable with conventional liquid fuels. Such results have to be considered as 

the “first step” for a complete characterization of the ICE combustion of metal 

nanoparticles. 

 

The fuel and the experimental setup 

Iron nanoparticles were used as fuel because in earlier experiences [4], it was 

assessed that iron has a lower ignition point than other nanoparticles (e.g. 

aluminium) and showed a more stable and repeatable behaviour during the single 

shot combustion tests. Table 1 compares the main characteristics of the iron and 

diesel fuel. 

Table 1: Comparison of characteristics of Fe and diesel fuel 

Element 

Melting 

Point 

[K] 

Boiling 

Point [K] 

Density 

[g/cm
3
] 

LHV 

[MJ/kg] 

LHV 

[MJ/l] 
Product stoich 

Fe 1808 3023 7.87 7.52 59.1 Fe2O3 0.54 

Diesel - 495631 0.85 44.5 37.8 CO2+H2O 0.068 

 

The Fe nanoparticles were passivated (i.e. formation of a thin oxide shell around 

the particles) to avoid undesirable spontaneous ignition phenomena. The iron 

nanoparticles were irregularly-shaped and highly agglomerated as it can be 

observed in Figure 1. A small single cylinder compression-ignition engine was set-

up and it is schematically shown in Figure 2. The exhaust line was equipped with 

an automotive diesel particulate filter system for the collection of combusted 

particles downstream of the engine. 

A direct injection system of nanoparticles was specifically developed and 

employed in this study. Only single shot combustion tests were possible with this 

configuration, however, as demonstrated in the following, the test repeatability was 
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more than enough to carry out a thermodynamic analysis of the combustion 

process. Additionally, the engine head was also machined in order to perform 

luminosity emission of the burning metal particles. By means of the two colour 

pyrometry methodology, previously calibrated in a shock tube system (for more 

details see [4]), the temperature measurements of the burning particles were also 

carried out. 

Table 1: Main physicochemical characteristics of utilized metallic nanopowder 

Nanopowder APPS 

(nm) 

Thickness of 

oxide layer 

(nm) 

BET 

(m2/gr) 

Phases 

identified 

by XRD 

Maximum 

(theoretical) 

weight increase 

due to oxidation 

Fe85 85 2-3 12.7 metallic Fe 39.5% 

 

 
Figure 1: Indicative TEM images of the Fe 85 nanopowders 

 
Figure 2: Engine setup utilized for the studies of metallic nanoparticles 

combustion. 

Results 

100 nm



 

40
th

 Meeting of the Italian Section of the Combustion Institute 

Fuel delivering characteristics (injection delay, duration, etc.) of the injection 

system were assessed by means of the aerosol spray visualization in a transparent 

vessel. FIGURE 3 shows four pictures of the injection sequence for 100 mg of the 

metal powder charge. The sequence corresponds to a recording speed of 250 f/s. 

Since the engine stroke is 66mm, less than the observed spray length, this means 

that phasing the injection during the intake stroke, the spray pattern involves the 

total cylinder height. 

    
Start of injector  

electric command 

(SEC) 

13ms after 

SEC(start of 

injection) 

24ms After of 

SEC 

32ms After of SEC 

(injector closure) 

Figure 3: Picture sequence of 100mg of Fe85. Recording speed equal to 250 f/s. 

The data from spray vessel confirmed that at engine speed of 1500 rpm, the 

injection system is capable to inject the powder in a timeframe from the start of 

intake stroke to 50 crank angle (CA) degrees Before Top Dead Center (BTDC) 

(e.g. in the compression stroke). 

Engine tests with 200mg of powder charge showed a significant evidence of 

particle combustion, and several test repetition were performed. For this metal 

charge, the nominal fuel excess ratio was equal to 0.7 (corresponding to a lean 

global fuel-air charge). Figure 4 shows the experimental cylinder pressure (a) and 

the so-called apparent rate of heat release by metal particles (named in the 

following as Rate of Heat Release - ROHR) (d) for there of the test with the highest 

cylinder peak firing pressure. 

 
Figure 4: Pressure (a) and rate of heat release (d) versus engine crank angle for some tests 

with 200 mg of injected powder. 
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ROHR traces (d) confirm that the autoignition starts as the first particles enter into 

the combustion chamber. The correspondent cylinder gas temperature indicates that 

combustion starts at about 500K, according to other literature data [3], and the 

thermodynamic gas peak temperature is in the range 15001600 K. Due to the very 

short ignition delay, a remarkable fraction of the energy is released during 

compression stroke increasing the pumping work. Therefore, a low thermodynamic 

efficiency for this type of combustion cycle is expected. Indeed, looking at Figure 

5 (on the left) where the typical non-dimensional p-V cycle for both firing and 

motored cycles are plotted together with the values of IMEP-high and IMEP-net 

and pumping, it can be noted that about 15% of the apparent heat release from 

combustion is lost as pumping work. In principle, such lost work could be 

recovered if the injection control permits the shift of the whole combustion in the 

expansion stroke. 

  
Figure 5: p-v cycle (on the left). ROHR, luminosity at 600 and 800 nm and particle 

temperature vs engine crank angle (on the right). 

As observed in past experiments, the combustion process is characterized by a two-

phase heat release of the iron nanoparticles. After the ignition and during the 

injection event, the first HR occurs at a fast rate, suggesting that this early process 

was linked to a fast particle oxidation process [5]. The ROHR peaked around 1 ms 

after ignition, prior to decreasing back to values close to zero. A second HR phase 

started around 90 CAD later (i.e., close to TDC). Here, more energy is released 

with respect to the first phase of HR, but this occurred according to a more 

progressive pattern, thereby suggesting a lower reaction rate. The total combustion 

duration was about 4 times longer than that of a typical diesel engine. 

Results from the two-colour pyrometry analysis are displayed in Figure 5 on the 

left. In this plot, ROHR, luminosity emissions and particle temperatures are 

compared. ROHR and luminosity comparison indicates that the gross fraction of 

the radiation is emitted during the fast combustion phase, while in the second 

combustion phase (starting at around TDC), nevertheless a substantial heat release, 

the luminosity signals were below the sensitivity threshold of the detectors. The 

correspondent average temperature of the particles reaches the maximum just 
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before the ROHR peak with a subsequent “cooling” phase. The results are in 

agreement with particle temperature measurements carried out in shock tube 

experiments. 

As already proposed in a previous study [4], it can hypothesized that the 

combustion starts when the thermodynamic temperature reaches ∼500−600 K. 

Once ignited, the particles quickly attain their maximum temperature of close to 

2200 K. This is primarily caused by the interaction of the oxygen present around 

and within the external layer of the particles and Fe in the particle cores. Because 

of the high surface/volume ratio of the primary particles, this phase corresponds to 

the highest oxidation rate, and hence, the maximum combustion temperature is 

reached. In view of the high temperature of the particles (∼2200 K), melting of 

either the iron (1808 K) or its oxides (1650 K for FeO, 1811 K for Fe3O4, 1820 K 

for Fe2O3) present in the system at this stage is highly possible. Since the actual 

temperature of the burning particles is in the range 1800÷2300K, a possible fusion 

of the metallic layer during the first heat release phase cannot be excluded. The 

second phase is smoother than the first one and it has been supposed driven by the 

oxygen diffusion in the metal core of the particles as well as to the possible 

solidification of the liquid metal core. 

Summary 

The experimental tests have demonstrated the feasibility of iron combustion in an 

internal combustion engine, in terms of proof-of-the-concept, showing a low 

ignition temperature, and generating a positive work at the end of the engine cycle. 

Future specific investigations are required for a deepening characterization of the 

presented results. 
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