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Combustion process was studied from the injection until the late combustion phase
in an high swirl optically accessible combustion bowl connected to a single cylinder
two-stroke high pressure common rail compression ignition engine. Commercial
diesel and blends of diesel and n-butanol (20%: BU20 and 40%: BU40) were used
for the experiments.
A pilot plus main injection strategy was investigated fixing the injection pressure
and fuel mass injected per stroke. Two main injection timings and different pi-
lot-main dwell times were explored achieving for any strategy a mixing controlled
combustion. Advancing the main injection start, an increase in net engine working
cycle (>40%) together with a strong smoke number decrease (>80%) and NOx con-
centration increase (�50%) were measured for all pilot injection timings. Com-
pared to diesel fuel, butanol induced a decrease in soot emission and an increase in
net engine working area when butanol ratio increased in the blend. A noticeable in-
crease in NOx was detected at the exhaust for BU40 with a slight effect of the
dwell-time.
Spectroscopic investigations confirmed the delayed auto-ignition (~ 60 ms) of the
pilot injection for BU40 compared to diesel. The spectral features for the different
fuels were comparable at the start of combustion process, but they evolved in differ-
ent ways. Broadband signal caused by soot emission, was lower for BU40 than die-
sel. Different balance of the bands at 309 and 282 nm, due to different hydrooxide
transitions, were detected between the two fuels. The ratio of these intensities was
used to follow flame temperature evolution.

Key words: combustion, common rail Diesel engine, butanol – diesel fuel blends,
optical diagnostics, chemiluminescence

Introduction

Related to transport field, the increasing importance of shortage fossil oil is inducing

more and more attention to the development of higher efficiency engines and to the wide-scale

use of renewable fuel. Regarding the Diesel engines, it is consolidated their reliability, durabil-

ity, and high fuel efficiency. These, advantages are biased by the high emissions of airborne par-

ticulate matter (PM). While not considering the Diesel engine as the major contributor to urban
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carbonaceous aerosols and the reason of bad local air quality as well as global climate change [1,

2], it is evident that Diesel engines emit large volumes of NOx and smoke (soot), which are hard

to be decreased or eliminated simultaneously due to the non-uniform fuel distribution [3]. Note-

worthy, reduction in pollutant concentration at the exhaust of compression ignition (CI) engines

have been obtained using alternative fuels [4] like biodiesel [5-8], alcohols [9-11], liquefied pe-

troleum gas (LPG) [12, 13] and natural gas [14, 15] used in conventional [16 ] and dual fuel in-

jection systems [17-19]. Regarding alcohol fuel and biodiesel relationship, it has been demon-

strated that the oxygenated structures affect the amount of soot reduction [20-24]. Experimental

works concluded that esters (as biodiesel) were less effective in reducing soot precursor levels

than alcohols given the same mass fraction of oxygen [25]. Even for these reasons, recently,

n-butanol is gaining popularity as a very competitive bio-fuel to be used in Diesel engines. Com-

pared to methanol and ethanol, n-butanol has more advantages as an alternative fuel for internal

combustion engines [26-29]; it has a lower auto-ignition temperature than methanol and etha-

nol, so it can be ignited easier when burned in Diesel engines. Besides, butanol has lower vola-

tility and higher energy density than ethanol and methanol. In addition, butanol is less corrosive

and can be blended with diesel fuel without phase separation. Butanol can be produced by fer-

mentation of biomass, such as algae, corn, and other plant materials containing cellulose that

could not be used for food and would otherwise go to waste [30-33]. Investigations of n-butanol

as fuel within CI engines have been conducted by several research groups to evaluate the effects

of butanol blends with conventional diesel fuel on performance, exhaust emissions, and com-

bustion [34-41]. These works demonstrated that diesel-butanol blends (until 40% in volume of

n-butanol-BU40) achieved better combustion and brake thermal efficiency, and similar power

and torque to diesel fuel. Butanol exhibits values of some of the main fuel properties closer to

those of diesel fuel, compared to ethanol and methanol. This explained the better Diesel engine

behaviour when higher alcohol blends are used instead of lower alcohol blends. Finally, experi-

ments showed that BU30 can replace diesel fuel in CI engines (without any modification and

without significant loss of performance) since long-term Diesel engine tests provided satisfac-

tory results [42]. Regarding exhaust emissions, previous works demonstrated that n-butanol and

iso-butanol fuel blended with diesel induced HC emissions increasing, NOx, CO, and smoke

emissions decrease [34, 35, 39, 40]. Similar results were obtained in accelerating conditions for

the turbocharged Diesel engines fuelled with 40% n-butanol [43, 44]. In an urban drive cycle

HC and CO emissions increased, NOx emissions decreased with the 40% n-butanol blend. In a

highway drive cycle, HC and CO emissions were not significantly impacted, but NOx emissions

showed a slight increase. In addition, an 80% reduction in filter smoke number was observed for

the 40% butanol blend. The most important critical point of butanol is the cold start. Previous

study reported that the drivability of vehicle decreased noticeably for 40% n-butanol-diesel

blend for cold-start urban drive cycle, due to a large reduction of approximately 30% in fuel

economy and a significant increase in HC and CO emissions [45-47]. Different results were ob-

tained by the experiments on the diesel-butanol low temperature combustion [38, 48]. These

showed that with the increase in n-butanol fraction (until 40%), the ignition delay increased, the

NO/NO2 proportion decreased in an overall slight decrease of NOx and soot emissions decreased

greatly, reaching smoke value close to zero. Finally, at high exhaust gas re-circulation levels,

CO and total HC emissions decreased with the increase in butanol fraction.

To resume, butanol cost is still an important disadvantage, but the benefits of the

blending with diesel are likewise important. Moreover, butanol can be used in conventional in-

ternal combustion engines without the need for components modification including engines

equipped with high pressure common rail fuel injection system [34, 41, 49]. The benefits of the
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electronic control of butanol-diesel blend injection are mainly linked to the strong reduction of

soot exhaust emission. This was obtained by means of the oxygenated structure of the alcohol

together with the high injection pressure that accelerates the fuel evaporation, enhances the

fuel-air mixing and creates a faster combustion rates [50]. Moreover, as known, by injecting a

small amount of fuel as pilot before the main injection, it is possible to reduce the peak heat re-

lease rate. Therefore, NOx emission as well as combustion noise was considerably reduced in

comparison to the conventional diesel combustion. The effect of pilot injection on the exhaust

emission is related to the injection timing. A long dwell time between pilot and main injection

reduces particulate emissions with higher efficiency at high load. On the other hand, at me-

dium-low load, a small dwell time allowed to reduce premixed burn fraction and NOx.

In spite of the several valid papers on the effects of butanol-diesel blends in CI en-

gines, more data are required to better understand the basic physical and chemical phenomena

related to the direct injection and the spray combustion process. The main goal of this work is to

improve the basic knowledge of butanol effects on multi-injection spray combustion processes.

This experimental information is useful to reach fuel flexibility and NOx-PM trade off optimiza-

tion and it represents a fundamental support for kinetic chemical modelling and 1-D to 3-D sim-

ulation codes. In details, UV-visible flame emission spectroscopy was applied in the combus-

tion chamber of single cylinder high swirl CI engine equipped with a common rail multi-jets

injection system. This optical methodology is a powerful diagnostic because natural emissions

of diesel flame consist of both chemiluminescence and soot luminosity [51]. Chemilumi-

nescence is produced by the excitation of the intermediate combustion radicals due to exother-

mic chemical reactions occurring during the auto-ignition and combustion process [52]. Soot lu-

minosity is caused by the emissions of hot soot particles and it is characterized by a continuous

broadband spectrum similar to the Planck black body emission curve [53, 54]. Combustion tests

were performed fuelling the optical accessible engine with a commercial diesel (BU00) and

with blends of 80% diesel with 20% n-butanol (BU20) and 60% diesel with 40% n-butanol

(BU40). Combustion process was studied from the injection until the late combustion phase,

fixing the injection pressure at 70 MPa and changing the pilot injection timing. Optical results

were correlated with the engine parameters and with exhaust emissions.

Experimental apparatus

The engine used for the experimental activity is an external high swirl optically acces-

sible combustion bowl connected to a single cylinder two-stroke high pressure common rail CI

engine. The main engine specifications are listed in tab. 1. The external combustion bowl (50

mm in diameter and 30 mm in depth) is suitable to stabilize, at the end of compression stroke,

swirl conditions to reproduce the fluid dynamic environment similar to a real direct injection

Diesel engine.

The implication of cylindrical bowl is related

to the peculiar design of the prototype engine that

has a large displacement as an air compressor.

The main cylinder, connected to the external

swirled bowl through a tangential duct, allows to

supply compressed air flow to the bowl as the pis-

ton approaches top dead center. The air flow,

coming from the cylinder, is forced within the

combustion chamber by means of the tangential

duct. In this way, a counter clockwise swirl flow,
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Table 1. Specifications of the engine

Two-stroke single cylinder engine

Cylindrical bowl (mm � mm)
Bore [mm]
Stroke [mm]
Connecting rod [mm]
Compression ratio
Air supply
Outlet/inlet blower ratio
Bosch injector nozzle

50 � 30
150
170
360

10.1:1
Roots blower

2.1
7/0.141/148°



with the rotation axis about coincident to the symmetry axis of the chamber, is generated. The

injector was mounted within this swirled chamber with its axis coincident to the chamber axis.

In this way the injected fuel is mixed up through a typical interaction with the swirling air flow.

The combustion process starts and mainly goes on in the chamber. After few crank angles the

piston moves downward, the flow reverses its motion and the hot gases flow through the tangen-

tial duct to the cylinder and finally to the exhaust ports. The combustion chamber provides both

a circular optical access (50 mm diameter), on one side of it, used to collect images and a rectan-

gular one (size of 10 � 50 mm) at 90°, outlined on the cylindrical surface of the chamber, used

for the laser illumination input. The injection equipment includes a common rail injection sys-

tem with a solenoid controlled injector located on the opposite side of the circular optical access.

The nozzle is a micro-sac 7 hole, 0.141 mm diameter, 148° spray angle nozzle. An external roots

blower provided an absolute air pressure at the inlet of 0.21 MPa with a peak pressure within the

combustion chamber of 4.9 MPa under motored conditions.

During the spectroscopic investigations, the radiative emissions from the combustion

chamber were focused by a 78 mm focal length, f/3.8 UV Nikon objective onto the micrometer

controlled entrance slit of a spectrometer (Acton SP2150) with 150 mm focal length and 600

groove/mm grating. The central wavelength of the grating was fixed at 300 nm and 400 nm.

From the grating the radiations were detected by an intensified CCD camera (PI-MAX3, Prince-

ton Instruments). The camera had an array size of 1024 � 1024 pixels with a pixel size of 13 � 13

mm and 16-bit dynamic range digitization at 100 kHz. The exposure time was fixed at 42 ms and

the dwell time between two consecutive acquisitions was set at 62 ms.

Spectroscopic investigations were carried out in the central region of the combustion

chamber, divided in eight locations. Figure 1 shows the sketches of the experimental apparatus

for the optical investigations. To enhance signal to noise ratio the 64 spectra of each location

were averaged. The flame emission spectra were corrected for the optical set-up efficiency using

a deuterium lamp with a highly uniform full spectrum. The wavelength calibration was per-

formed using a mercury lamp. The time evolution of combustion products was evaluated from

spectroscopic investigations using a post-processing procedure. For each chemical specie, with

well-resolvable narrow emission bands, the height of the band was evaluated after the subtrac-

tion of emission background and other species contribution. A software, developed in Labview

environment, allowed to simultaneously evaluate the emissions of the selected compounds and
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Figure 1. Sketches of the experimental apparatus for the optical investigations. The locations for the
spectroscopic investigations are number labelled.



species for each spectrum and time. The hydroxide (OH) and soot emissions were calculated as

average on all the spectra. The optical set-up was used also for UV-visible digital imaging of the

spray combustion process to support the spectroscopic investigations. In particular, the central

wavelength of the spectrometer was fixed at 0 (in this way the device worked as a mirror) and the

input slit was opened (3 mm width). The exposure time and the acquisition timing were main-

tained unchanged.

Table 2. Fuel properties

BU00 BU20 BU40

Density @15 °C [kgm–3] ASTM D4052
Cetane number ISO4264
Net heat value [MJkg–1]
Carbon content [%] ASTM D5291
Hydrogen content [%] ASTM D5291
Oxygen content [%] ASTM D5291
Initial boiling point [°C] ASTM D86
Distillation 50% vol. [°C] ASTM D86
Distillation 90% vol. [°C] ASTM D86

840
52

42.5
87

12.6
–

160
280
338

830
44
41

80.2
15.4
4.32
139
250
328

826
36

36.9
75.19
16.8
8.64
117
226
325

Combustion tests were carried out using three blends. The baseline fuel was the Euro-

pean low sulphur (10 ppm) commercial diesel with a cetane number of 52 (BU00). Moreover,

blends of butanol (20%) – diesel (80%) (by vol.) (BU20) and butanol (40%) – diesel (60%)

(BU40) were tested. The main properties of the fuels are reported in tab. 2. All the experimental

data were collected using the AVL INDICOM driven by an optical encoder with 0.1 crank angle

degree (CAD) resolution. The pressure in the swirl chamber was measured by a quartz pressure

transducer AVL QC34C. Results of the in-cylinder pressure were computed over 300 consecu-

tive engine cycles. The NOx emissions were acquired by an electrochemical sensor, a smoke me-

ter was used for filter smoke number (FSN) measurements. The accuracy of the acquired quanti-

ties was 10 ppm for NOx and 0.1% for smoke.

Results and discussion

Engine parameters and exhaust measurements

Engine tests were carried out at 500 rpm, 30 mg �1% of fuel was injected at the pres-

sure of 70 MPa setting a single injection (main) and double injections (pilot and main). In the

present paper, the start of injection (SOI) indicates the start of the energizing current to the sole-

noid injector. Because of the hydraulic and electronic delay a shift between the timing of the en-

ergizing current to the solenoid SOI and the fuel delivery from the injector nozzles is produced.

This delay was estimated in 340 µs from the measurement of the instantaneous fuel flow rate.

Preliminary investigations were performed to evaluate the effect of the fuel injection

strategy for reference diesel fuel (BU00) on performance and exhaust emissions. The main SOI

was set at 11 and 3 CAD bTDC while the pilot SOI was swept to obtain a pilot-main dwell time

of 8, 6 and 4 CAD for both main injections. Figures 2 and 3 show the exhaust measurements

(smoke and NOx). In fig. 4 the engine combustion work vs. pilot-main injection dwell crank an-

gle is plotted. The engine combustion work was evaluated as percentage variation of the area un-

der the pressure signal in fired and motored condition [3]. This parameter is correlated to the

combustion efficiency of the selected fuel injection strategy.
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Experiments demonstrated that advancing

the start of main SOI induced a strong decrease

(>80%) in the exhaust smoke for all pilot injec-

tion timings. On the other hand, the expected in-

crease in NOx emission was about 50% and it

was matched by an increase in net engine work-

ing cycle higher than 40%. All the injection

strategies attained the autoignition of the fuel

before the end of its delivery from the nozzle,

inducing a mixing controlled combustion

(MCC) regime. To substantiate this statement, a

selection of spray combustion images, detected

during the single and double injection strategy

fixing the SOI of pilot injection at 17 CAD

bTDC, is reported in fig. 5. The investigation was focused on the effect of butanol-diesel blends

fixing the main injection at 11 CAD bTDC.

Following the previous studying approach, figs. 6, 7, and 8 show smoke and NOx ex-

haust emission, and the engine combustion work for diesel and butanol blends fixing the main

injection at 11 CAD bTDC at different pilot-main dwell time. Even if the diesel smoke number
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Figure 2. Engine exhaust emissions of smoke,
FSN vs. pilot-main dwell time for BU00

Figure 3. Engine exhaust emissions of NOx vs.
pilot-main dwell time for BU00

Figure 4. Percentage engine combustion work vs.

pilot-main dwell time for BU00

Figure 5. Images detected during the BU00 spray combustion for the single (a) and double (b) injection
strategy, setting the pilot injection 17 CAD bTDC. For both cases the main injection occurred at 11 CAD
bTDC



resulted already low for diesel, butanol induced

a further decrease in soot exhaust emission as

butanol blending ratio increased. The effect was

expected due to the lower carbon content, the

better mixing related to the higher volatility of

butanol blends and the presence of oxygen

within the butanol molecule. The highest reduc-

tion in smoke was obtained setting the dwell

time at 6 CAD. The increase in butanol volume

fraction produced an appreciable rise in NOx

emissions only for BU40 with a slight effect

given by the dwell-time. Regarding the com-

bustion efficiency, the engine combustion work

increased at higher butanol volume fraction. Again, the increase was influenced by the fuel

properties while a minor effect was due to the pilot injection timing. In fact, at higher butanol

volume fraction the presence of oxygen within the butanol molecule improve the propensity to

form leaner local mixture with a positive impact on soot formation and combustion efficiency.

Optical results

To better understand the fuel injection strategy outcome on the combustion process, nat-

ural emission spectroscopy measurements were performed. For brevity, in this work the spectra

detected setting the pilot injection at SOI = 17 CAD bTDC are reported. Figure 9 shows the first

spectroscopic evidence of combustion process due to the pilot auto-ignition for both fuels. It can

be noted that BU40 pilot combustion started around 0.2 CAD after diesel pilot combustion. For

both fuels, the pilot auto-ignition was characterised by the OH emissions due to the A2S+� X�P

transitions [55]. Many vibrational bands are observable in the UV spectrum, each of them is com-

posed of twelve branches. The most characteristic vibrational transition is (0,0) which begins at

306 nm with its head around 309 nm. Moreover, OH is superimposed on a broadband

chemiluminescence, well detectable in diesel spectrum of fig. 9. This was determined by the

Vaidya's band system of HCO with highest heads from 290 nm to 360 nm. The Emeleus' bands

due to excited formaldehyde molecule CH2O
* in the range 350-460 nm appeared only as tail of the

spectrum [56]. The identification of the Vaidya HC flame band emitters and their formation mech-

anisms are complex and have been the subject of much reference speculations [57, 58]. Among
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Figure 6. Engine exhaust emissions of smoke,
(FSN) vs. pilot-main dwell time for selected fuels
at fixed SOI of main injection (11 CAD bTDC)

Figure 7. Engine exhaust emissions of NOx vs.

pilot-main dwell time for selected fuels at fixed
SOI of main injection (11 CAD bTDC)

Figure 8. Percentage engine combustion work vs.

pilot-main dwell time for selected fuels at fixed
SOI of main injection (11 CAD bTDC)



this, it should be noted the reaction of formaldehyde with a free atom or radicals (O, H, OH, or

alkyl radical) that induced HCO* formation [57]. The simultaneous presence of OH and HCO is

typical of cool flames. The OH increases in spite of HCO at increasing fuel air ratio value. For rich

mixture, CH merged together high HCO and weak OH [57].

After the auto-ignition timing the spectra evolved with similar features. As shown in

fig. 10(a), for both fuels at 3.9 CAD aSOI pilot, a weak blue continuum is added to OH and HCO

emissions. This emission is due to the chemiluminescence accompanying the re-combination of

CO and O [58]:

CO(X1S +) + O(3P) � CO2 (X1S + g) +hn

The CO2
* emission occurred between 250 and 800 nm with a maximum intensity

around 400 nm. As shown in fig. 10(b), in around 0.4 CAD the emission intensity doubled. In

particular, the increase in the burned mass fraction and local temperature determined an increase

in OH emissions and consequently in the radical concentration.
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Figure 9. Flame emission spectra detected at the auto-ignition and in the early stage of pilot
ignition for BU00 and BU40 (SOI pilot 17 CAD bTDC; SOI main 11 CAD bTDC)

Figure 10. Flame emission spectra detected 4.1 CAD (a) and 4.3 CAD (b) after pilot injection for
BU00 and BU40 (SOI pilot 17 CAD bTDC and SOI main 11 CAD bTDC)



Moreover, the 309 nm band due to (0,0) A-X transitions is coupled with the band cen-

tred at 282 nm due to (1,0) systems. The two emission bands are more evident for BU00, while

for BU40 only the diagonal transition induced a well resolvable emission. Finally, it should be

noted that CO2
* evidence practically remained constant, due to the fast transition to the ground

state that induced the increase in neutral molecules [58]. For diesel, at 4.3 CAD aSOI pilot, the

spectral evidence of a blue flame emission due to carbonaceous structures and soot nano-precur-

sors was observed [59, 60].

In the early stages of main injection ignition (fig. 11a), the spectral behaviours are

quite similar to those observed for pilot-injection ignition for both fuels. The only evident differ-

ence is the negligibility of CO2
* emission contribution and the evidence of a weak signal due to

soot produced by the pilot injection combustion.

During the main injection combustion, spec-

tra were characterised by a strong soot emission

featured by a broadband signal that increased

with the wavelength like a blackbody curve, as

shown in fig. 11(b) [50, 60]. Soot emission and

thus soot concentration was lower for BU40

than diesel. The relative intensity between the

two fuels remained unchanged during the com-

bustion process. Moreover, the two OH band

systems due to (0,0) and (1,0) A-X system

showed comparable emission intensity. This

optical evidence persisted until the late com-

bustion phase in which the oxidation mecha-

nism reduced the soot and highlighted the OH

emission. The effect is well observable in fig.

12, that shows the spectra detected at 11 CAD

aTDC (28 aSOI pilot) for both fuels.
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Figure 11. Flame emission spectra detected 7.3 CAD (a) and 22 CAD (b) after pilot injection for
BU00 and BU40 (SOIpilot 17 CAD bTDC; SOImain 11 CAD bTDC)

Figure 12. Flame emission spectra detected 28
CAD after pilot injection for BU00 and BU40
(SOI pilot 17 CAD bTDC and SOI main 11 CAD
bTDC)



In order to better understand the effect of fuel and injection strategy on the combustion

process, the evolutions of soot and OH were calculated. In particular, OH (0,0) emission was

measured as height of the 309 nm band system after the subtraction of the emission background,

evaluated as the mean value between the emissions measured at 300 nm and 320 nm. Soot emis-

sion was evaluated as mean intensity at 500 nm using data obtained with 400 nm central wave-

length. The OH and soot evolutions for all the selected conditions are plotted in figs. 13 and 14.

In the OH radical evolution, three phases can be recognized. The first one was due to

the pilot ignition, the second one was related to the mixed controlled combustion of the main in-

jection, and the third one occurred after the end of main injection and it was characterized by

soot oxidation. The reduction of pilot-main dwell time increased the OH concentration in the

early stage of auto-ignition, for both fuels, and the relative signal intensity. This effect was re-

lated to the higher pressure and temperature condition in the combustion chamber at delayed pi-

lot injection timing that influenced its auto-ignition. The pilot combustion obviously influenced

the main injection combustion. In particular, reducing the dwell time between pilot and main,

the combustion main SOI advanced and the OH formation rate increased. As a consequence, the

soot formation was reduced by a simultaneous OH oxidation action. Finally, the OH evolution

during the main injection combustion gave an inverse behaviour compared to that observed for
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Figure 13. Time evolution of the OH emission (309 nm) for both fuels and
the different pilot injection timings

Figure 14. Time evolution of the soot emission for both fuels and
the different pilot injection timings



the pilot injection combustion. This was due to the higher temperature gradient in the combus-

tion chamber during the main injection combustion. These effects were more highlighted for

BU40 due to the oxygen within the butanol molecule. As consequence of these phenomena, soot

concentration was lower for BU40, as also confirmed by the exhaust measurements, and the dis-

crepancy between the two fuels decreased with the pilot-main dwell time reduction.
The effect of butanol is well observable in the oxidation phase. This occurred because

soot formation, caused by high temperature decomposition, mainly takes place in the fuel-rich
zone at high temperature and pressure, specifically within the core region of each fuel spray. If
the fuel is partially oxygenated, as it is the case of butanol blends, it has the ability to reduce lo-
cally fuel-rich regions and to limit soot formation. Moreover, butanol blends are characterized
by lower stoichiometric air-fuel ratio (less air is needed to achieve stoichiometry and conse-
quently complete combustion), which reduces the possibility of existence of fuel-rich regions in
the non-uniform air-fuel mixture. Finally, the absence of aromatic compounds in butanol blends
reduces the concentration of soot precursors.

Regarding the (1,0) A-X OH emission measured at 282 nm, it can be used together

with (0,0) at 309 nm to evaluate the flame temperature. In fact, the line intensities S(T)

(cm–1/atm·cm) at the equilibrium temperature T [K] can be expressed:
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where n(= E' – E") [cm–1] is the transition frequency, c = 2.99792458·1010 cm/s – the light speed,

N – the total number of OH molecule per cm3, p [atm] is the pressure, c" =1.4388 mK – the sec-

ond radiation constant; A
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v J
 
  [s–1] – the Einstein coefficient, E" – the lower state energy, and QvR

– the vibration-rotation partition function [61]. The QvR is supposed equal to Qv QR, where the

vibrational partition function Qv in the harmonic oscillator approximation is:
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where we is the vibrational harmonic oscillator frequency and it was evaluated we = 3737.761

cm–1 [62].

In this work, the Einstein coefficients tabulated by Chidsey and Crosley [63] and re-

vised by Goldman and Gillis [64] have been used.

Starting from eq. (1), the ratio between the experimental emission intensities measured

at 309 nm and 282 nm allowed to evaluate the quasi-adiabatic flame temperature [65]. The re-

trieving of combustion temperature from OH chemiluminescence has the great advantage that is

free from calibration. On the other hand some drawbacks should be considered: the source of ra-

diation is not in equilibrium, self-absorption and collision quenching can influence the evalua-

tion, and the subtraction of the continuous background due to soot or CO 2
* is necessary.

In this work, combustion temperature obtained for the selected operative conditions

are shown in fig. 15. The low intensity of OH emission during the pilot injection ignition, that

decreased at increasing pilot-main dwell time, induced a very high uncertainty in the tempera-

ture evaluation. This is better estimable during the main injection combustion, in particular dur-

ing the late phase when the soot is oxidised and OH bands are easier to resolve. Results of fig. 15

demonstrated that flame temperature was lower for BU40 in each fuel injection condition, dur-

ing the whole combustion process. This was due to the lower C:H atom ratio of alcohols than

diesel oil. Even if this contributed to reduce the NO formation rate, the significantly higher oxy-
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gen availability induced local conditions nearer

to stoichiometric compared to the neat diesel

fuel operation. This works towards higher NOx

liability, in agreement with the exhaust data.

Conclusions

Fuel spray combustion was investigated in

high swirl optically accessible combustion bowl

connected to a single cylinder two-stroke high

pressure common rail CI engine.

The engine was fuelled with commercial

diesel (BU00) and with blends of 80% diesel

with 20% n-butanol (BU20) and 60% diesel

with 40% n-butanol (BU40).

Combustion process was studied from the

injection until the late combustion phase, fixing

the injection pressure and fuel mass injected per

stroke. The pilot SOI was changed considering

two main injection timings. All the tested injec-

tion strategies induced a MCC regime.

Experiments demonstrated that advancing

the main SOI an increase in engine combustion

work (>40%) was achieved. Regarding exhaust

emissions, a strong smoke number decrease

(>80%) and NOx concentration increase (@50%)

were measured for all pilot injection timings.

Compared to diesel, butanol induced a decrease

in soot exhaust emission and an improvement in

engine combustion work as butanol blending ra-

tio increased due to the enhanced fuel air mixing

and the presence of oxygen within the butanol

molecule. These properties improve the propen-

sity to form leaner local mixture with a positive

impact on combustion efficiency. An apprecia-

ble increase in NOx emissions was detected for

BU40 with a slight effect given by the

dwell-time.

Spectroscopic investigations confirmed the

delayed auto-ignition (~60 ms) of the pilot injec-

tion with BU40 compared to diesel. Even if the

spectral features for both fuels resulted compara-

ble at the start of combustion process, they

evolved with different behaviours. As expected,

broadband signal like a blackbody curve due to

soot emission, was lower for BU40 than diesel.

Moreover, different balance between the two fu-

els of the emission bands at 309 nm and 282 nm
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Figure 15. Combustion gas temperature
evaluated by A-X OH chemiluminescence



due to (0,0) and (1,0) systems of OH A-X transitions were detected in the whole combustion pro-

cess. The emission intensity ratio due the two band systems was used to follow the flame tempera-

ture evolution.
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