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Higher production cost of anhydrous ethanol associated with distillation and 

dehydration process could be reduced through the direct use of wet/hydrous 

ethanol in engine applications. In this study, both experimental investigation 

and numerical analysis were carried out to quantify the effect of water content 

on laser ignition characteristics of premixed charge of wet ethanol with 

different water concentration and over a range of equivalence ratios. 

Combustion of wet ethanol was initiated through laser-induced breakdown 

from a Q-switched Nd:YAG laser. A high-speed camera is used to visualize 

the ignition event and flame propagation. Results demonstrated that, presence 

of water in ethanol up to 20% by volume accelerated the initial combustion 

reactions and led to faster burning. Adverse effects of elevated water 

concentration in ethanol at and beyond 30% (v/v), are more pronounced in fuel 

lean combustion region compared with fuel rich combustion. Laser-induced 

breakdown spectroscopic (LIBS) measurements revealed that, plasma 

temperature slightly increased with added water in ethanol up to 20% (v/v) as 

water in ethanol results in enhanced ionization of the gas mixture during laser 

breakdown, which leads to more intense absorption of laser energy. Therefore, 

this study demonstrates the potential of direct use of wet ethanol as an attractive 

fuel for IC engine. 

Keywords: Laser-ignition, Wet Ethanol, Plasma Temperature 

 

1. Introduction 

Ethanol has long been considered as one of the 

most promising bio-fuels because of its better 

ignition and emission characteristics, and also 

for renewable in nature. Use of ethanol as an 

alternative fuel in transportation sector can 

contribute to reduce the dependence on fossil 

fuel and thereby reducing greenhouse gas 

emissions. In addition, ethanol can act as an 

octane booster for gasoline [1], it has a higher 

flame velocity compared to gasoline [2-3] and 

higher enthalpy of vaporization, allowing 

engine to run with higher compression ratio, 

ultimately resulting in higher engine efficiency 

[4-7]. The results of the engine test showed that 

using pure ethanol or blends of ethanol–gasoline 

reduce carbon monoxide (CO) and hydrocarbon 

(HC) emissions substantially compared with 

gasoline [8-10]. 

Production of anhydrous ethanol (less than 1% 

water) is energy intensive process and most of 



International Journal of Automotive Engineering and Technologies, IJAET 8 (2) [2019] 61-69     62 

 

the energy is required to remove the water 

content of ethanol through distillation and 

dehydration process. For the corn–ethanol case, 

figure 1 [11-13] shows the largest areas of 

energy utilization in the production of pure 

ethanol. Prior research has shown that removing 

the final 20% of water (and particularly the final 

5%) from ethanol requires the largest fraction of 

energy. Therefore, direct use of wet ethanol in 

engines could improve the associated energy 

balance. 

 
Figure 1. Energy utilization for various stages of corn 

ethanol production [11-13]. 

Effect of wet ethanol in different kind of IC 

engines varying from spray guided direct 

injection engine to homogeneous charge 

compression ignition (HCCI) engine was 

investigated previously [13-15]. Hydrous 

ethanol with 35% water content by volume was 

used in a HCCI engine by Martinez-Frias et al. 

[13] and reported an increase in brake thermal 

efficiency up to 38.7%, and 1.6 ppm of NOx. 

Later they demonstrated stable HCCI engine 

operation while running the engine with ethanol 

containing up to 40% water content by volume 

[15]. Olberding et al. [16] investigated the 

engine performance of a transit van operating on 

either gasoline or ethanol–water fuel mixtures 

(70% ethanol with 30% water). They reported 

that by using wet ethanol, engine thermal 

efficiency can be increased significantly with 

substantial reduction in NOX and CO emissions 

compared to gasoline fuel.  

Several high energy ignition methods have been 

proposed due to the limitations associated with 

convention electrical spark ignition system [17]. 

Laser ignition is continuing to gain attention all 

over the world because it offers some significant 

advantages over conventional spark ignition 

such as: (a) absence of electrodes which can 

disturb the cylinder geometry and hence there is 

no quenching effect on the developing flame 

kernel, (b) variable ignition positions within a 

cylinder/combustion chamber enabling ignition 

at location of ideal air-fuel ratio through which 

minimum ignition energy threshold can be 

reduced, (c) possibility of multiple ignition 

positions in time and space thus yielding shorter 

combustion times, shorter ignition delay times 

and higher peak pressures, (d) can ignite leaner 

or high pressure mixtures. As a consequence the 

flame temperature is lowered, NOx emissions 

improved whereas engine efficiency can be 

increased simultaneously; others remarkable 

advantages are precise ignition timing, more 

stable combustion [18-25].  

Laser-induced breakdown spectroscopy (LIBS) 

is proved to be a promising diagnostic technique 

which allows both qualitative or quantitative 

analysis of complex phenomenon such as study 

of plasma, ignition characteristics or 

combustion flame etc. LIBS technique find its 

applications in many fields, such as 

environmental monitoring, production control 

of steel, material sorting, toxic substance 

detection, and removal of coatings [26]. LIBS of 

gases are possible using high power laser pulses. 

When a short-pulse laser is focused into air or 

other gases, the laser beam creates localized 

plasma. The collection and spectral analysis of 

the plasma emissions allows the qualitative 

identification of atomic species [27]. Ferioli et 

al. discussed the applicability of LIBS for 

measurements in a combustion system [28]. 

Phuoc et al. have studied the simultaneous laser 

ignition and equivalence ratio measurement 

using laser-induced gas breakdown in methane–

air and hydrogen/air mixtures using Hα (656 

nm) and the O triplet near 777 nm [29]. Ikeda 

and Kawahara et al. also tried to measure the 

equivalence ratio using LIBS and discussed the 

accuracy of spatially, temporally, and spectrally 

resolved measurements of laser induced plasma 

in air [30, 26]. 

In this study, laser ignition of hydrous/wet 

ethanol was investigated emphasizing primarily 

on the effect of water content on laser ignition 

characteristics. Laser-induced breakdown was 

generated by focusing a 532 nm nanosecond 

pulse from a Q-switched Nd:YAG laser. 

Experiments on laser ignition characteristics of 

premixed charge of wet ethanol with different 
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water concentration by volume (0% - 40%) and 

over a range of equivalence ratios (0.7 - 1.2) 

were carried out. Time-series images of flame 

propagation were obtained through a high-speed 

camera. Based on mass fraction burned and post 

analysis of raw flame images, laser ignition 

delay was determined. To further quantify the 

effect of water concentration in ethanol, 

spectroscopic analysis of plasma emission was 

conducted and plasma temperature was 

estimated through laser-induced breakdown 

spectroscopy (LIBS). Numerical investigation 

on the flame characteristics was performed 

through the use of commercial software 

CHEMKIN-PRO. 

2. Experimental Setup and Methods 

Figure 2 shows the schematic of the 

experimental setup. Fuel is injected into the 

constant volume chamber (CVV) through a 

DISI 6-hole injector at injection pressure of Pinj 

= 5 MPa. To attain premixed charge of fuel-air 

through evaporation and subsequent mixing of 

hydrous/wet ethanol with the ambient air inside 

the chamber and to maintain the preheat 

temperature (unburnt mixture temperature) at Ta 

= 430 K; an electric heater with magnetic stirrer 

is used.  The CVV has four quartz windows to 

provide optical access for visualization of flame 

propagation and for spectroscopic 

measurements (see Figure 3). Combustion of 

ethanol was initiated through laser-induced 

breakdown generated by focusing a nano-

second (pulse duration=8 ns) second harmonic 

(wavelength = 532 nm, beam diameter = 8 mm) 

pulse of Q-switched Nd:YAG laser (Spectra 

Physics, Lab series-150) through the optical 

window of the chamber. Laser beam was 

focused using a plano-convex lens with focal 

length of 100 mm. Incident beam energy was 

adjusted by a half-wave plate and a polarizing 

beam splitter, and maintained at Ein = 30 mJ. 

For spectroscopic analysis (LIBS analysis), 

emission from the laser-induced plasma was led 

to the spectrometer (Andor SR-163 and MK-

300) coupled with ICCD detector (iStar DH720 

and iStar DH320T) through an optical fiber. 

Wavelength calibration was performed using a 

‘mercury-argon lamp’. For plasma temperature 

measurement, calibration was performed taking 

into account the quantum efficiency as a 

function of wavelength. Here, the spectral 

coverage was in the range of 250 nm - 850 nm 

with resolution about 1 ns. Effective pixel size 

of 26 μm and grating of 150 line/mm were used 

for spectroscopic measurements. 

 
Figure 2: Schematic diagram of Experimental Setup 

 

 
Figure 3: Photograph of constant volume chamber 

A high-speed camera (nac Image Technology 

Inc., MEMRECAM GX-8) was operated at the 

speed of 10,000 frames per second with a 

resolution of 576 x 576 pixels to visualize 

plasma generation and subsequent flame 

propagation. In-chamber pressure history for 

combustion of ethanol was recorded by using a 

piezo-electric pressure transducer (Kistler 

6052C) with charge amplifier (Kistler 5011B). 

For synchronization and precise control of the 

operation timing, experimental devices were 
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connected to a delay generator (Stanford 

Research System Inc., DG645).  

To prepare the fuel mixture, water was added 

and mixed with dehydrated ethanol at different 

ratios (10-40 %) by volume basis and stored in 

a fuel accumulator. After the injection of 

hydrous ethanol, the charge was stirred for 40 

minutes in order to make premixed charge of 

ethanol-water-air. Details on selecting 

appropriate stirring duration could be found in 

the previous report [31]. 

3. Results and Discussion 

3.1 Laser ignition delay characteristics of wet 

ethanol 

To quantify the effect of water content on laser 

ignition characteristics of wet ethanol, initially, 

the time required for 0.1% MFB (mass fraction 

burned) is defined arbitrarily as laser ignition 

delay. However, to avoid inaccuracy in 

calculating MFB due to the noise present in raw 

pressure data, equivalent flame area 

corresponding to 0.1% MFB was considered for 

the comparison. Flame images were processed 

and analysed by using MATLAB to estimate 

equivalent flame area. At first, raw flame 

images were converted to grayscale images, and 

then binary images were obtained by 

thresholding the grayscale images of the flame. 

Figure 4 illustrates the intermediate steps in 

determining the flame contour from raw flame 

images. The flame kernel was found to be 

toroidal, with a front lobe propagating back 

toward the incoming laser, which is consistent 

with several previous reports [32–34]. The laser 

ignition delays as a function of water content 

over the equivalence ratios ranging, from ɸ = 

0.7 to ɸ = 1.2 and the initial temperature of Ta = 

430 K, are plotted in Figure 5. It can be observed 

from the figure that laser ignition delay becomes 

shorter with the addition of small amount of 

water up to 20% (v/v) in ethanol. The delay was 

found to be shortest for ethanol mixed with 10% 

water (v/v). In our previous study [31], it was 

hypothesized that, the generation of radicals 

such as OH* could be enhanced during the laser-

induced breakdown due to the presence of water 

in ethanol which accelerated the initial 

combustion reactions and lead to faster 

combustion rates. This enhancement in radical 

generation is also reported in a recent study by 

Feng et al. [35]. Figure 5 clearly demonstrates 

that the adverse effects of elevated water 

concentration in ethanol. It is more pronounced 

in lean combustion region compared with fuel 

rich combustion. For example, in case of ɸ = 

0.7, laser ignition delay for water concentration 

of 30% - 40% become almost double than that 

for water concentration of 0% - 20%. For 

volume fraction of water beyond 20%; physical 

and chemical influences of the water in the 

mixture of ethanol-water, such as, dilution effect 

and reduction in burning velocity appear to 

offset the improved radical concentration and 

mixture reactivity. 

 
(a) Raw flame images; ɸ =1.0, Water (v/v) = 0 ~ 40%, Ta 

= 430K 

 
(b) Grey-scale flame images; ɸ=1.0, Water (v/v) = 0 ~ 

40%, Ta = 430K 

 
(c) Flame contour; ɸ=1.0, Water (v/v) = 0 ~ 40%, Ta = 

430K 

Figure 4: Flame contour detection to define the laser 

ignition delay of wet ethanol 
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Figure 5: Effect of water content (in the range 0–40%), 

on laser ignition delay of wet ethanol 

3.2 Laser-induced breakdown spectroscopy 

(LIBS) of wet ethanol 

Laser-induced breakdown spectroscopy (LIBS) 

was employed in this study to detect the atomic 

emission from laser-induced plasma and 

afterward the plasma temperature was estimated 

by using the Boltzmann equation [36-38] with 

the assumption that laser-induced plasma was in 

local thermodynamic equilibrium. In Boltzmann 

equation the emission intensities (integrated 

over the spectral profiles) from two transitions 

(I1 and I2) are related to the transition 

probabilities (A1 and A2), the transition 

wavelengths (λ1 and λ2), the statistical weights 

of the upper level of the transition (g1 and g2), 

the energies of the upper states (E1 and E2), the 

temperature (T), and the Boltzmann’s constant 

(k) according to: 

𝐼1

𝐼2
=  

𝑔1𝐴1𝜆1

𝑔2𝐴2𝜆2
 exp {−

𝐸1−𝐸2

𝑘𝑇
 }  (1) 

With the natural logarithms of Equation (1) a 

linear equation between the differences in the 

weighted intensities and the upper-state energies 

E is obtained: 

ln (
𝐼1𝜆1

𝑔1𝐴1
) −  ln (

𝐼2𝜆2

𝑔2𝐴2
) =  −

𝐸1−𝐸2

𝑘𝑇
(2) 

Due to the linear relationship plotting  ln (Iλ/Ag) 

as a function of the upper state energy E permit 

to obtain a slope equal to  (-1⁄kT). Plasma 

temperature can be estimated using different 

emission line of same gas species, as follows: 

𝑇 =
𝐸′𝑘−𝐸𝑘

𝑘 ln(
𝜀𝑘𝑖
𝜀′𝑘𝑖

  
𝜆𝑘𝑖 𝐴′𝑘𝑖 𝑔′𝑘𝑖
𝜆′𝑘𝑖 𝐴𝑘𝑖 𝑔𝑘𝑖

)
  (3) 

In these experiments, plasma emission lines of 

Hα (656nm) and Hβ (486nm) were considered to 

estimate plasma temperature. Emission spectra 

for laser induced plasma in ethanol were 

obtained using spectrometer with ICCD 

detector. Plasma emissions lines of C at 247 nm, 

Hα at 656 nm, Hβ at 486 nm, N(I) at 501 nm and 

O(I) at 777 nm were clearly recorded as shown 

in Figure 6. The intensity of Hα line was due to 

the electronically excited hydrogen dissociated 

from the fuel and water molecules, while the 

emissions of N(I) and O(I) lines were obtained 

from electronically excited nitrogen and 

oxygen, respectively, dissociated from air [29]. 

Figure 7 shows the effect of water concentration 

on background-corrected atomic emission 

intensity ratio of Hα and N(I) during laser-

induced breakdown in wet ethanol. In 

spectroscopic measurements and analyses, 

when the intensities of some elements become 

the subject of interest, it is necessary to subtract 

the background from the raw spectrum data. 

Here, background was subtracted from the raw 

spectra following the method suggested by 

Proctor and Sherwood [39] in order to obtain the 

background corrected intensities for Hα , N(I) 

and Hβ emission lines. Details of the calibration 

and background subtraction methods can be 

found in Ref. [40]. From Figure 7, it is evident 

that the intensity ratio of Hα to N(I) increases 

gradually with the addition of water in ethanol. 

For elevated water content, presence of total 

hydrogen molecule in the mixture became 

higher which subsequently increased the 

emission intensity of Hα through laser induced 

breakdown, thereby increasing intensity ratio of 

Hα to N(I).  

In order to further look at the effect of water 

content in ethanol, plasma temperatures were 

estimated by, considering atomic emission of Hα 

and Hβ lines from LIBS spectra, using 

Boltzmann equation where spectroscopic 

constants for Hα and Hβ lines were obtained 

from NIST database [41]. From figure 8, it is 

found that, plasma temperatures slightly 

increased with addition of water in ethanol up to 

20% (v/v), whereas for water concentration of 

30% and 40% (v/v), reduction in plasma 

temperature could be observed. This might be 

due to the fact that the ionization of the gas 

mixture during laser breakdown could be 

enhanced by the presence of water in ethanol, 

which results in more intense absorption of laser 

energy. However, reduction in plasma 
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temperatures, might be attributed to the 

quenching effect of diluted mixture and 

chemical influence of elevated water 

concentration in ethanol. 

a 

b 

c 
Figure 6: LIBS spectra for laser-induced breakdown in 

wet ethanol, ɸ = 1.0, and Ta = 430K; (a) for anhydrous 

ethanol (i.e. 0% water by volume), (b) with 20% water 

by volume, (c) with 40% water by volume 

 
Figure 7: Effect of water content on intensity ratio of 

Hα/N for wet ethanol with water content (v/v) = 0 ~ 40%, 

ɸ = 1.0, and Ta = 430K 

 
Figure 8: Effect of water content on plasma temperature 

for breakdown in wet ethanol with water content (v/v) = 

0 ~ 40%, ɸ = 1.0, and Ta = 430K 

3.3 Numerical analysis on the effect of water 

content on flame characteristics 

Previously we hypothesized that laminar 

burning velocity decreased due to the dilution 

effect of water in the mixture of ethanol-water. 

So, it becomes quite necessary to investigate 

effect of water on the flame characteristics of 

wet ethanol and as a consequence we employed 

the commercial software package CHEMKIN-

PRO [42] for numerical investigation. For 

CHEMKIN analysis, here we have selected the 

most well-known oxidation mechanism for 

ethanol combustion presented by Marinov et al. 

[43]. In Marinov’s mechanism there are 57 

chemical species and 383 reversible reactions. 

This model has been validated against a number 

of experiments and is widely accepted.  

The Premixed Flame-speed Calculator in 

CHEMKIN-PRO simulates a freely propagating 

one-dimensional planar flame, in which the 

point of reference is a fixed position on the 

flame. The Premixed Flame Models solve the 

set of governing differential equations that 

describe the flame dynamics using implicit 

finite difference methods, as well as, a 

combination of time-dependent and steady-state 

methods. 

3.3.1 Adiabatic flame temperature 

The adiabatic flame temperature is a measure of 

the maximum temperature that could be reached 

by combusting a particular gas mixture under a 

specific set of conditions. Both burning velocity 

and combustion efficiency are significantly 

affected by adiabatic flame temperature. 

Figure 9 shows the effect of water addition (up 

to 40% by volume) on reduction in adiabatic 
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flame temperature over a range of equivalence 

ratios and initial charge temperatures. The plot 

demonstrates that reduction in flame 

temperature due to water addition becomes 

higher as equivalence ratio increases and initial 

charge temperature decreases. Moreover, it is 

also evident that above ɸ =1.0, flame 

temperature reduction becomes more stepper 

than that for equivalence ratio (ɸ) below 1.0. 

Thus, chemical influence of water in ethanol 

was more pronounced in fuel rich combustion 

with lower initial temperature compared to lean 

combustion with higher initial charge 

temperature. 

 
Figure 9: Effect of water addition (up to 40%) on 

reduction in adiabatic flame temperature as a function 

E.R (ɸ) and at different initial mixture temperature 

3.3.2 Planar flame structure 

Figure 10 shows the predicted planar flame 

structures and concentrations of the major 

species in premixed ethanol flame with different 

water contents. It is evident in these figures, as 

the reactions proceed, the reactants C2H5OH and 

O2 decrease rapidly, whereas the products of 

combustion H2O and CO2 increase further 

downstream of the flame as would be expected. 

With the addition of water in ethanol as diluent, 

mole fractions of C2H5OH and O2 as reactants 

decrease gradually. Due to the dilution and 

chemical influences of elevated water content, 

final mole fraction of CO decreases with higher 

water content, while this increases for H2O. 

Rapid oxidation of CO into CO2 occurs due to 

the higher concentration of OH in the reaction 

zone within the flame, leading to the decrease of 

CO concentration after a certain level. 

4. Conclusions 

Experimental and numerical investigations on 

laser ignition of hydrous/wet ethanol have been 

performed with water content varying from 0 - 

40% by volume and over a range of equivalence 

ratios (0.7 to 1.2). 

a Water content = 0% 

b Water content = 10% 

c Water content = 30% 
Figure 10: Flame structure for stoichiometric premixed 

combustion of ethanol with different water content and 

at initial temperature of 430 K 

In order to quantify the effect of water content 

on laser ignition characteristics of ethanol, high 

speed visualization of combustion flame was 

carried out. Laser ignition delay was defined 

arbitrarily and estimated from both the mass 

fraction burned and equivalent flame area. 

Laser-induced breakdown spectroscopic (LIBS) 

analysis were carried to evaluate the influence 

of water in ethanol on atomic emission 

intensities and plasma temperature. The flame 

characteristics like adiabatic flame temperature 

and planar flame structure were investigated 

through the use of commercial software package 

CHEMKIN-PRO. The major conclusions drawn 

from this study are as follows: 
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1. Presence of water in ethanol up to 20% 

(v/v) accelerated the initial combustion 

reactions and lead to faster burning rates. For 

elevated water concentration i.e. 30% - 40% 

(v/v) in ethanol, deterioration in combustion 

characteristics becomes evident. 

2. Ionization of the gas mixture during laser 

breakdown enhanced due to addition of water in 

ethanol up to 20% (v/v), which leads to more 

intense absorption of laser energy, resulting in 

higher plasma temperature. For water 

concentration of 30% and more, reduction in 

plasma temperature could be observed due to 

the quenching effect of diluted mixture and 

chemical influence of elevated water 

concentration in ethanol. 

3. Dilution effect and chemical influence of 

water in ethanol was more pronounced in fuel 

rich combustion with lower initial temperature 

compared to lean combustion with higher initial 

charge temperature.  

4. Distillation and dehydration of wet 

ethanol, especially removing the final 20% of 

water from ethanol requires the largest fraction 

of energy, but this study demonstrates the 

potential of direct use of wet ethanol as an 

attractive fuel for IC engine. 
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