
  

 
Abstract—In this paper, the study on the effects of n-butanol 

on the combustion process in a DISI engine has been 

conducted.Experiments were performed on a direct injection SI 

engine operated on gasoline and butanol, with combined 

analysis of in-cylinder pressure traces, exhaust emissions and 

optical data. The optically accessible power unit was fitted with 

a commercial head and a high pressure wall guided injection 

system working at 100 bar. The engine speed was set at 2000 

rev/min as a representative value for mid-road load automotive 

use. Different spark timings were tested. All trials were 

performed at close to stoichiometric air-fuel ratio.UV-visible 

natural emission spectroscopy was applied to investigate the 

formation and the evolution of the main compounds 

characterizing the spark ignition and combustion process. 

Pollutant measurements (HC, CO and NOx) at undiluted 

exhaust, for gasoline and butanol, were correlated with 

pressure related data and optical results. 

 
Index Terms—Spark ignition engines, direct injection, 

butanol, optical investigations.  

 

I. INTRODUCTION 

Due to the increasing demand of reducing fossil fuels 

consumption and the political will to reduce emissions of 

greenhouse gases, the investigation of alcohols use in spark 

ignition engines has become interesting in the last years 

[1]-[3]. 

While ethanol is the most usual alcohol for automotive 

applications, butanol is also promising, as its properties are 

closer to gasoline than those of ethanol. With four carbons, 

n-butanol contains 25% more energy than ethanol; it is 

soluble with gasoline in any proportion, whereas the 

maximum solubility of ethanol in gasoline is around 10% 

without cosolvents [4]. Butanol has been demonstrated to 

work in vehicles designed for use with gasoline without 

modification. It can be produced from the fermentation of the 

sugars in biomass. Recently, the use of genetically enhanced 

bacteria increased the fermentation process productivity [5], 

[6]. It is expected that a sustainable and cost effective process 

for butanol production will be realized in the foreseeable 

future. 

Recent studies have investigated the use of butanol and its 

effects on performance [7], [8], emissions [9], [10], injection 

and spray parameters [11], as well as abnormal combustion 

[12]. 

As a general conclusion, the increase in alcohol content in 

the blend with gasoline, has significant impact on engine 

performance and efficiency only at high concentrations, if the 

air-fuel ratio is to be maintained within the same range as for 
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gasoline operation. 

Anyway butanol has been studied less extensively than 

ethanol. Further analyses are necessary to obtain 

comprehensive information on combustion processes in 

direct injection (DI) SI engines fuelled with butanol. To this 

aim, in this paper, integration of experimental methodologies 

based on conventional (in-cylinder pressure and pollutant 

exhaust measurements) and unconventional diagnostics 

(optical techniques) was carried out.  

Investigations were performed on a wall guided DISI 

engine, and pressure related data and exhaust measurements 

were correlated with UV-visible natural emission 

spectroscopy data. Commercial gasoline was considered as 

the reference condition; pure butanol fuelling was compared 

to the commercial fuel in the mid-engine speed range. Results 

obtained within these trials can be considered as a valuable 

database for a better knowledge of the basic combustion 

mechanisms under realistic engine conditions. 

 

II. EXPERIMENTAL SETUP  

The engine used for the experiments is an optically 

accessible single cylinder DISI engine. It is equipped with the 

head of a commercial SI turbocharged engine with similar 

geometrical specifications (bore, stroke, compression ratio). 

The valve overlap on this engine resulted in levels of internal 

exhaust gas residuals of 5-20%, given that a relatively low 

intake pressure of ~0.5 bar was set; all trials were performed 

at 2000 rev/min crank shaft rotational velocity. Further 

details on the engine are reported in Table I. The head has 

four valves and a centrally located spark device with surface 

charge ignition. The injector is side mounted and features 6 

holes oriented so that the spray is directed towards the piston 

crown. Intake air was within 300-310 K and ambient pressure 

was around 1 atm. Relative air-fuel ratio was measured using 

a wide band exhaust gas oxygen sensor, with an accuracy of 

±1%. 

 
TABLE I: ENGINE CHARACTERISTICS 

Bore × Stroke 79 × 81.3 mm 

Connecting rod length 143 mm 

Cylinder 1 

Compression ratio 10.6 

Fuel system direct injection 100 bar 

 

For the current work, a conventional elongated hollow 

Bowditch piston was used. An optical crown, 

accommodating a 20 mm-thick fused-silica window (57 mm 

diameter), was screwed onto the piston. The combustion 

chamber was visible through an UV enhanced 45-degree 

mirror, mounted within the hollow piston (Fig. 1). Slotted 

graphite piston rings were used to provide oil-less lubrication 
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with uninterrupted bronze-Teflon rings used for sealing.  

Injection pressure was maintained at 100 bar for all 

conditions; injector opening time was increased when 

switching from gasoline to butanol. The ratio of 1.21 used for 

multiplying injection times was determined in order to 

compensate for the combined effect of lower stoichiometric 

air-fuel ratio and higher density of butanol (Table II); prior to 

the experimental trials, a verification was performed using 

the gravimetric method in order to ensure that changing the 

fuel did not have an influence on the flow characteristics of 

the injector. Close to stoichiometric air-fuel mixtures were 

obtained for all points investigated. 

 

 
Fig. 1. Experimental setup for optical investigations and bottom field of view 

of the combustion chamber. 

 

TABLE II: FUEL PROPERTIES 

 Gasoline n-Butanol 

Chemical formula C4 – C12 C4H9OH 

Lower heating value (LHV) 

(MJ/liter) 

32.16 26.55 

Density (kg/m3) 741 802 

Stoichiometric air-fuel ratio (–) 14.7 11.2 

 

Pressure measurements were performed with an accuracy 

of ±1 % using a piezo-electric transducer, and the correlation 

with crank angle rotation was done using an encoder with a 

0.2 deg resolution; as a result, indicated mean effective 

pressure (IMEP) was determined with an accuracy of ± 2 %. 

Unless otherwise stated, all crank angle values are referred to 

the top dead centre (TDC) at the end of compression. Heat 

release analysis was performed with a simplified approach, 

where the ratio of specific heats was chosen as equal to 1.35 

[13]. 

Before the optical investigations, tests with a metallic 

piston were performed in order to evaluate parameters in a 

regime as close to steady state operation as possible. A 

preconditioning unit was used for maintaining the 

temperature at ~ 340 K during motored operation; during the 

firing cycles, a variation of ~ 5 K was recorded for both 

average values. 

Exhaust gas concentrations were determined with a gas 

analyser using the non-dispersive infrared measurement 

principle for carbon monoxide (CO) and unburned 

hydrocarbons (HC), while for nitrogen oxides (NOx) 

emissions, the electrochemical method was employed. 

Accuracy was within ±3 % and the resolution of the readings 

for the first component was 0.01% and 1 ppm for the other 

two species. 

During the UV-visible spectroscopy experiments, the 

radiative emission from the combustion chamber was 

focused by a 78 mm focal length, f/3.8 UV Nikon objective 

onto the 250 μm micrometer controlled entrance slit of a 
spectrometer with 150 mm focal length and 300 groove/mm 

grating (central wavelength 350 nm). From the grating, the 

radiations were detected by an intensified CCD camera (array 

size of 1024 x 1024 pixels with a pixel size of 13×13 μm, 
16-bit pixel digitization and 1MHz sustained repetition rate). 

A sequential gating mode was used to study the temporal 

evolution of the flame propagation: it allowed to collect one 

frame per cycle with fixedgate width but variable delay with 

respect to the trigger. Spectra were recorded for 100 

consecutive cycles, at a step of 1 deg crank angle (83 μs), 
with an exposure time of 83 μs. Spectroscopic investigations 
were carried out in the central region of the combustion 

chamber. The emission spectra were corrected for the 

wavelength dependent sensitivity of the optical devices. The 

wavelength calibration was performed using a mercury lamp. 

Spectroscopic data post-processing allowed to evaluate the 

time evolutions of chemical species featuring the combustion 

process in all the operative conditions. It should be noted that 

all the detected species through emission spectroscopy are in 

excited electronic states; for this reason the notation “*” that 
identifies the excited species will be omitted. In this work, for 

each individual-cycle spectrum, OH, CH and CO2 emission 

were evaluated at 309, 390 and 431 nm relative to the local 

background, which was estimated by linear interpolation 

between the nearest intensity minima on either side of the 

band containing the feature of interest. 

 

 
Fig. 2. Indicated mean effective pressure (IMEP) at different spark timing 

settings. Standard deviations are reported as error bars. 

 

 
Fig. 3. Peak pressure at different spark timing settings. Standard deviations 

are reported as error bars. 
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III. RESULTS AND DISCUSSIONS 

A. Thermodynamic Analysis 

In order to evaluate the effect of the spark advance on the 

engine performance, the values of the mean effective 

pressure (IMEP) and of the peak pressure (Pmax) at different 

spark timing settings were measured. The results obtained by 

averaging the values related to 200 consecutive engine cycles 

are reported in Fig. 2 and Fig. 3. The analysis allowed 

determining 13 CAD BTDC as the spark timing 

correspondingto the maximum brake torque (MBT) for each 

fuel. IMEP was found to be quite flat around the MBT point. 

Cyclic variability was evaluated through the standard 

deviation and it was reported in the plots as error bars. IMEP 

differences between the two fuels were within ± 8 %, with 

higher values for the butanol throughout the studied spark 

timing range. The increase in the Pmax values with the 

increase of the spark advance was higher for butanol. This 

determines very close peaks of pressure at delayed spark 

timing and appreciable difference only beyond 13 CAD 

BTDC. 

Regarding the exhaust emissions, Figs. 4-6 reported the 

concentration at undiluted exhaust of CO, HC and NOx 

measured at different spark timings. Minor differences were 

recorded for carbon monoxide emissions (Fig. 4) when 

switching from gasoline to butanol, even if butanol gives 

slightly higher CO emissions. Decreasing in CO post-flame 

oxidation is responsible for this [9]. 

Unburned hydrocarbons concentrations in the exhaust gas 

stream were reported in Fig. 5.  

When retarding the spark timing, HC emissions decrease 

for gasoline; for butanol the reduction is evident in the range 

-19 -13 CAD, then there is a quite constant value between -13 

and -5 CAD. The decrease in HC at delayed spark timing 

happens because, when spark timing is postponed, both the 

average cylinder temperature of post-flame and exhaust gas 

temperatureincrease, resulting in the promotion of 

in-cylinder unburned hydrocarbon oxidation. In addition, as 

spark timing is delayed, the peak cylinder pressure decreases 

and the mass fraction of HC trapped in the crevice volumes is 

reduced. 

The slight increase in HC emissions when using butanol in 

delayed spark timing conditions is due to the characteristics 

of butanol that shows higher boiling temperature and latent 

heat of vaporization, thus it is the slowest to vaporize. This 

induces a decreased combustion efficiency resulting in higher 

HC emissions. 

 

 
Fig. 4. CO emission for different spark timing settings. 

 

Spark timing significantly affects NOx emission levels. 

Advancing the spark timing makes early combustion and 

increases the cylinder peak pressure. Combustion 

temperature and local oxygen concentrations are the major 

factors affecting NOx formation. An increase in-cylinder peak 

pressures corresponds to an increase in-cylinder peak 

temperature, leading to an increase in NOx emissions [9].  

Considerably lower NOx concentrations in the exhaust gas 

stream when using butanol were detected. Lower NOx 

emissions when using the alcohol are in line with the findings 

of most studies about butanol combustion in SI engines 

[14]-[16].The reduction in NOx emissions is due to the low 

adiabatic temperature when engine operates on butanol. 

 

 
Fig. 5. HC emission for different spark timing settings. 

 

 
Fig. 6. NOx emission for different spark timing settings. 

 

B. Spectroscopic Investigations 

In this work, UV-visible natural emission spectroscopy 

was applied starting from the spark ignition for both fuels 

fixing ignition advance at MBT spark timing (13 CAD 

BTDC). Fig. 7 shows spectra acquired in the spark plug 

region for the two fuels within the first CAD after the spark 

timing. The spark discharge forms a plasma featured by CN, 

NH and OH radicals [17]. Moreover weak emission band 

systems, due to high degree ionization and dissociation of 

nitrogen, are detectable [18]. The electronically excited CN is 

generally identified by the B
2Σ+→X

2Σ+ bands due to the 

diagonal transitions (Δv=0). These are well resolved in the 

380–390 nm spectral range with highest peak at 388 nm [19]. 

Weaker band systems due to the Δv=+/-1 transitions were 

observed around 357 and 420 nm. The emission of systems of 

N2 and N2
+ emission can be strongly unstable [20]. N2 is 

featured by a weak band around 337 nm and 313 nm due to 

C
3Π→B

3Π (0, 0) and (0, 1) transitions [21]. N2
+ emission is 

characterized by red band systems due to B
2Σ+→X
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transitions in the 330-435 nm range [22]. The most intense 

peak is at 391 nm (0, 0) but the other systems are resolvable 

through their local maxima at 357 nm (1,0) and 428 nm (0,1). 

The A3Π→X3Σ- transition of NH induces diffuse bands 

between 325 and 340 nm with a well-defined peak at 338 nm 

[23]. Due to the overlapping of the emission bands, it is hard 

to distinguish the plasma emission contribution due to the 

different chemical species.  

Regarding the presence of OH radicals in the plasma 

emission at the spark timing, it is correlated to the formation 

of filamentary discharge [24]. OH radicals, as O and H atoms, 

are key species for the initiation of combustion since they are 

the main species responsible for breaking C–H bonds in 

hydrocarbon fuels [25]. OH emission is characterized by a 

violet band system centred at 309 nm due to theA2→X2 

transition [26], [27]. The dominant feature is the (0,0) 

vibrational band (peak at 306 nm). A second band system (1,0) 

with the peak at 282 nm is too weak to be well resolved. 

 

 
Fig. 7. Emission spectra detected in the combustion chamber central region 

at the spark timing. 

 

After the spark timing, the first well resolved spectral 

signals due to the flame kernel emission were observed 

almost at 5 CAD after the spark timing when the plasma 

emission intensity was strongly decreased. As shown in Fig. 

8, for both fuels, kernel spectra were featured by OH band 

systems at 309 nm [28]. Moreover, CH emission band can be 

resolved.CH emission bands are well known and have been 

observed by several researchers in hydrocarbon flames, 

discharge tubes containing carbon and hydrogen, as well as 

carbon arcs in hydrogen. The most intense is the (0,0) 

A2Δ→X3Π band with the peak at 431 nm [29]. A weaker 

band can be observed from 387 to 491 nm with the local 

maximum at 389 nm due to the (0,0) B2Σ-→X2 Π transition 
[30]. 

The total emission intensity is higher for gasoline. This 

confirms a faster kernel inception due to higher local fuel-air 

ratio. Moreover, while the OH bands at 309 nm were 

comparable, CH bands resulted more intense for gasoline. 

These results are correlated to higher local fuel/air ratio for 

gasoline compared to butanol [31]. Since the overall air-fuel 

ratio measured by lambda sensor was the same, this result 

demonstrated a different spatial distribution of the charge.  

In the spectra detected in early combustion stages (Fig. 8), 

OH and CH bands were superimposed on two broad 

overlapped band systems. The first was due to the Emeleus 

cool flame band system of HCOH that lies between 340 and 

520 nm with its highest peak around 390 nm. The second 

broad band identified the Vaidya hydrocarbon system of 

HCO that spreads over 250-410 nm. Formaldehyde and 

formyl radicals are directly correlated to CH production 

through the decomposition of the HCO radical and the 

hydrogen peroxide formation [31].  

 

 
Fig. 8. UV-VIS flame emission spectra detected at 7 CAD after spark timing 

(CAD ASOS).  

 

As shown in Fig. 9, at 15 CAD ASOS the two fuels showed 

similar spectral features and intensities. With higher OH and 

lower CH emissions for butanol compared to gasoline. This 

occurrence is in agreement with the thermodynamic results 

reported in Table III which correlate with flame speed that for 

butanol is higher than that of gasoline. It should be noted that 

the end of combustion was considered as the point where 

flame development is completed (i.e. 400 CAD, when the 

mixture within the combustion chamber is consumed), 

without the final part of the process, which features mainly 

oxidation of unburned mixture flowing from the crevices into 

the cylinder, as well as fuel deposits. Moreover, around this 

time (i.e. at 15 CAD ASOS), spectral features due to excited 

CO2 were observed. As known, the flame emission after 

initiation is characterized by the radiative reaction of atomic 

oxygen and carbon monoxide. It shows a strong blue 

continuum between 250 and 800 nm with a maximum 

intensity around 400 nm in [32]. This emission is due to the 

chemiluminescence accompanying the recombination of CO 

and O:  

 

CO (X1Σ+) + O (A3Π) -> CO2 (X
1Σ+

g) + h 

 

 
Fig. 9. UV-VIS flame emission spectra detected at 15 CAD after spark 

timing (CAD ASOS).  
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disappeared showing strong OH emission superimposed to 

the CO2 wide band. Around 25 CAD after spark (Fig. 10), 

gasoline presented higher CO2 and comparable OH emissions 

to butanol. This agrees with the OH contribution to the 

oxidation of CO in CO2 [33].  

As shown in Fig. 11, at 35 CAD ASOS, a weak continuous 

signal that increased with the wavelength similar to 

blackbody curve was observed for gasoline. This was due to 

soot precursors emission formed during the burning of the 

fuel deposits in the combustion chamber. Moreover, OH 

resulted slightly higher for butanol, that was also featured by 

the (1,0)A2→X2 transition at 282 nm. 

 
TABLE III: THERMODYNAMIC PARAMETERS MEASURED CONSIDERING 13 

CAD BTDC AS SPARK TIMING 

fuel 

CAD 

Pmax 

[ATDC] 

CAD 

0.1 MFB 

[ATDC] 

CAD 

0.5 MFB 

[ATDC] 

CAD 

0.9 MFB 

[ATDC] 

BU100 23.4 5.6 20.5 46.5 

G100 24.9 4.7 21.1 47.7 

 

 
Fig. 10. UV-VIS flame emission spectra detected at 25 CAD after spark 

timing (CAD ASOS).  

 

 

 
Fig. 11. UV-VIS flame emission spectra detected at 35 CAD after spark 

timing (CAD ASOS).  

 

At 45 CAD ASOS, the soot signal is very intense for 

gasoline, as shown in Fig. 12. Moreover, in gasoline spectra 

soot emission is still significant at 55 CAD ASOS (Fig. 13). 

These results demonstrate that the fuel deposits flames 

persisted well after the normal combustion event. In the late 

combustion phase, soot was not detectable for butanol, 

indicating the potentiality of this fuel in reaching smokeless 

targets. At 55 CAD ASOS, butanol combustion was 

completed in agreement with the thermodynamic results 

reported in Table III. 

 

 
Fig. 12. UV-VIS flame emission spectra detected at 45 CAD after spark 

timing (CAD ASOS).  

 
 

 
Fig. 13. UV-VIS flame emission spectra detected at 55 CAD after spark 

timing (CAD ASOS).  

 

 
Fig. 14. OH radicals and soot evolution evaluated from flame emission 

spectroscopy.  

 

Experimental investigations demonstrated that excited OH 

radical was a marker of spark ignited flame propagation for 

gasoline and butanol [34], [35]. The maximum intensity and 

total amount of OH emission, and as consequence the flame 

speed towards the combustion chamber walls, increased with 

the spark advancing and decreased with the air-fuel ratio 

increase. 

In this work, time evolution of OH radicals and soot 

evaluated from spectroscopic data for both fuels are plotted in 

Fig. 14. Spectroscopic investigations demonstrated very low 

level of soot emission intensity in the combustion chamber, 

confirming the low opacity measured at the exhaust due to 
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butanol (opacity for BU100=1.2%, opacity for G100=3.4%). 

On the other side, OH emissions resulted comparable for the 

two fuels. 

 

IV. CONCLUSIONS 

UV-visible natural emission spectroscopy was applied in a 

SI engine optically accessible to investigate the potentiality 

of n-butanol as gasoline replacement at low speed and load in 

stoichiometric mixture conditions.  

The general conclusion is that the reference fuel can be 

replaced with the four carbon atoms alcohol in DISI engines 

without any penalty on performance. Even more, reductions 

of several exhaust emissions were obtained when using the 

alternative fuel. 

One of the main advantages of replacing the butanol with 

the gasoline is the strong reduction in smoke opacity. 

Regarding HC emissions, using the alternative fuel resulted 

in an increase but only for delayed spark timing. On the 

contrary, nitrogen oxides concentration in the exhaust gas 

stream was lower for butanol for each spark timings.  

ACRONYMS AND ABBREVIATIONS 

ASOS  after start of spark 

a.u.   arbitrary unit 

BU100  butanol 

CAD  crank angle degree 

ICCD  intensified charge coupled device 

COV  coefficient of variation 

DI   direct injection 

GAS100 gasoline 

IMEP  indicated mean effective pressure, (bar) 

MBT  maximum brake torque 

LHV  lower heating value 

MFB  mass fraction burned 

P    pressure, (bar) 

Pmax  peak pressure, (bar) 

SI    spark ignition 

TDC   top dead centre, with A for after and B for before 

VIS   visible 

UV   ultraviolet 
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