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Abstract 16 

As bio-butanol would be one promising alternative fuel to mitigate the energy crisis and reduce the environmental 17 

impact of the automotive sector, its potential as blend in gasoline has been widely evaluated especially for conventional Spark 18 

Ignition engines. But recent studies prove that Gasoline Compression Ignition operating mode could be a future interesting 19 

advanced combustion mode to reach higher efficiency and lower pollutant emissions than conventional SI engines. The 20 

objective of this paper is to underline the effect of butanol blend in gasoline in injections conditions needed in GCI by set 21 

experimental study in a High Pressure/ High Temperature chamber. Therefore, first data about sprays and combustion 22 

characteristics as a function of the butanol content in a gasoline surrogate (PRF80) at injection conditions of GCI, i.e. high 23 

pressure (6 MPa) and high-temperature (900 K) conditions but with injection pressure of 40 MPa are given and he results 24 

discussed thanks to kinetics simulation of ignition delays. 25 

Keywords: n-butanol/PRF80 blend, Spray and Combustion Characterization, Flame Lift-Off Length, Ignition Delay. 26 
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1. Introduction 28 

We are now aware that global energy resources and environmental impacts are major issues for the future of our 29 

society. Concerns over future petroleum supply and environmental degradation from fossil fuels have led to substantial interest 30 

in the production and use of biomass-derived fuels, due to their global impact on CO2 production. Second-generation biofuels, 31 

manufactured from various types of biomass (wood, plant waste, and more generally lignocellulose material) are superior to 32 

the first generation, from food crops (i.e. ethanol and biodiesel) in terms of energy balance, reduction of greenhouse gas 33 

emissions and food security. Bio-butanol is one of these second-generation biofuels, well suited for Internal Combustion 34 

Engines due to its similar physical properties to engine fuel. In comparison with ethanol, n-butanol is more compatible with 35 

existing engines when blended with conventional gasoline or diesel fuels, thus avoiding phase separation and increasing cost-36 

effectiveness in the transportation infrastructure [1]. 37 

Even if the CO2 impact of Compression Ignition (CI) engines is lower than that of Spark Ignition (SI) engines due to 38 

their higher efficiency, NOx and soot emissions remain an important drawback as stringent emission legislation demands a 39 

continued reduction in engine-out emissions. Therefore, over the last few decades, several advanced combustion concepts 40 

based on low temperature combustion have been introduced in order to reduce pollutant emissions from CI engines. As 41 

example, Homogeneous Charge Compression Ignition (HCCI), characterized by spontaneous auto-ignition of a lean premixed 42 

fuel/air mixture, allows ultra-low NOx and soot emissions compared to the traditional diesel combustion mode. But it has some 43 

disadvantages such as: (1) difficulty controlling HCCI combustion as the auto-ignition process depends on pressure, 44 

temperature, O2 concentration, diluent and fuel properties; (2) high acoustic noise at high loads; (3) high HC and CO emissions 45 

at low loads. 46 

To overcome the limitations of the CI and HCCI combustion modes, some other combustion concepts, such as Partially 47 

Premixed Combustion (PPC), have been developed. By replacing the strongly reactive fuel, i.e. diesel type, by a less reactive 48 

one, i.e. gasoline type, emissions can be drastically reduced [2–7]. Gasoline Compression Ignition is a potential strategy to 49 

achieve high specific power, high fuel efficiency, as well as low soot and NOx emissions. The reduction of the temperature 50 

inside the cylinder and the ignition delay time extension are two ways to achieve PPC as an advanced combustion method, 51 

offering low NOx and soot emissions. Dempsey et al. [8] provided recently an interesting analysis about the effect of 52 

stratification process obtained by different multiple-injection strategies on the emission (NOx/HC/CO and smoke) and engine 53 

performance. They reminded that due to its longer ignition delay, gasoline like fuels allows a better mixing in the cylinder with 54 

the ambient air prior the combustion. Thanks to multiple-injection strategy, a portion of the fuel is well “premixed” with air 55 

and the post-injection timing allows the control of the start of ignition or combustion. Labreche et al. [9] studied the effect of 56 

the second injection phasing and concluded that even if the first injection is early, the second one has to be adjusted near the 57 
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Top Dead Center (TDC), so the fuel is injected in conditions similar to Conventional Diesel Combustion but due to the 58 

physical specificities of gasoline type fuel, the injection pressure has to be adjusted, as confirmed in [10]. 59 

Manente et al. [11] explored the impact of the octane number range from 70 to 100 on the optimization of GCI 60 

combustion. They concluded their study by the suggestion that the change of chemistry affects more the combustion and the 61 

pollutant emissions than the mixing itself. Cung et al. [12] studied also the effect of three different type of gasoline fuels with 62 

different chemical composition but similar RON (Research Octane Number). Most of studies done about alcohols fuel in GCI 63 

combustion modes concern ethanol as in [13–16], with a positive effect on soot emission and also the confirmation that the 64 

best injection strategy remains the double injection one as in [17]. But only few studies are focused on the possibility to use 65 

butanol blend for GCI applications. As example, in [18], the first investigation indicated also that adding n-butanol improves 66 

the oxidation of CO and HC emissions slightly, but with not really NOx emissions. Yang et al. [19] studied also the combined 67 

effects of EGR and adding n-butanol to improve soot emissions. But butanol offers many advantages in comparison to ethanol 68 

due to its physical and chemical specificities as its lower vaporization heat, higher miscibility with gasoline, higher cetane 69 

number ….  70 

More studies are carried out about the effect of butanol addition to gasoline surrogates on the auto-ignition process 71 

without consider the mixing processes as in a constant volume combustion device and homogeneous charge compression 72 

ignition engine [20], or a shock tube [21] or in rapid compression machine [22]. But the lack of studies and data available on 73 

the butanol addition effect on the spray/combustion characteristics under GCI conditions as done in [23] for gasoline suggested 74 

the present study.  75 

Therefore, the objective of this study was to carry out experiments in a High-Pressure/High-Temperature facility to 76 

characterize the effect of n-butanol on the spray and combustion processes for different butanol-PRF80 blends by considering 77 

the second injection conditions as in GCI combustion mode. For that, as the optimized condition was found near Top Dead 78 

Center, the standard conditions, defined by Engine Combustion Network (https://ecn.sandia.gov/), are considered (900 K 79 

ambient temperature and 6 MPa ambient pressure, i.e. Spray A) but with a lower injection pressure (40 MPa). The impact of 80 

butanol blend on liquid and vapor spray penetration, the ignition delay and the flame lift-off length is given for the first time to 81 

provide dataset to improve future modelling works. Some results from autoignition computations based on a detailed kinetic 82 

mechanism are provided to help the discussion about the impact of n-butanol in these conditions. 83 

2. Experimental approach 84 

2.1 Experimental facility 85 

The High-Pressure/High-Temperature vessel, called NOSE (New One Shot Engine) is fully described in [24,25]. It is 86 

based on a single cylinder engine (155 mm bore diameter and 177.8 mm stroke), driven by an electric motor (Figure 1). The 87 
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revolution speed of the electric motor is controlled as a function of the crank angle to obtain a plateau near the TDC with 88 

constant thermodynamic conditions. The combustion chamber was designed to support optical measurements. 89 

The working mode of NOSE starts by setting the initial conditions (pressure and temperature) and intake ambient gas 90 

composition. So, after creating a vacuum, different gases (N2 or N2/O2) are injected into the chamber thanks to a mass flow 91 

controller (Brooks instruments). The initial temperature is specified by controlling the temperature of the water around the 92 

liner and of four heaters located in the cylinder head and set at 90 oC ± 0.5 oC. Two type-K thermocouples are installed inside 93 

the chamber and near the injector to measure the gas temperature inside the chamber and the casing temperature, respectively 94 

to control the temperature of the chamber and of the ambient gases before injection and combustion. In [25], the homogeneity 95 

of the temperature field was verified at different locations in order to validate this set-up as ECN standard set-up A high 96 

frequency piezo-electric pressure sensor (KISTLER 7001) is installed at the chamber head and is coupled to a charge amplifier 97 

(KISTLER 5011). 98 

 99 

Figure 1. The NOSE chamber: cross-section view 100 

The cylinder pressure, temperature inside the vessel, driven current of the injector, photomultiplier signal and crank 101 

angle are recorded as a function of time with a National Instruments CompactRIO at 250 kHz. The injection system consists of 102 

the following components: (1) a high pressure pneumatic pump, (2) a high pressure line, and (3) a common rail. The respective 103 

fuel for each test was provided to the injection by a high pressure pneumatic pump MAXIMATOR M189 DVE-HD driven by 104 

an air piston pump to maintain pressure before injection, controlled by a PID system with a pressure regulator. 105 

The single-hole CRI 2.16 Bosch was used as ECN Spray A specification. The nozzle was 0.0885 mm in diameter and 106 

the k-factor was 1.5. The nozzle tip of the fuel injector was held at a constant temperature of 363 K by circulating coolant 107 

during operation. The injection duration was set to 3 ms. In the case of inert conditions, 100% N2 was introduced to prevent 108 

ignition and for reactive conditions an oxygen molar fraction of 21% was added. The injection pressure of 400 bar was based 109 

on previous studies about Gasoline Compression Ignition [7,10]. 110 

 This experimental facility achieve High-Pressure/High-Temperature conditions with a high repeatability. The 111 
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observed shot-to-shot variations are respectively 1.6%, 1%, 0.5%, 4.5% and 5% for ambient temperature, ambient pressure, 112 

oxygen rate, density and injection pressure. According to the models used in the manuscript, its variations imply an accuracy 113 

of 5%, 8%, 13% and 8% for the measurement of liquid penetration, vapour penetration, lift-of length and ignition delay 114 

respectively. 115 

2.2 Measurement techniques 116 

The optical techniques set up around the NOSE chamber were fully described in [24]. These techniques are based on 117 

ECN requirements with signal processing tools. Table 1 summarizes the optical setup for both inert and reactive atmosphere to 118 

characterize macroscopic combustion parameters. Figure 2 shows the scheme of the optical setup for reactive conditions. 119 

Table 1. Summary of the optical setup 120 

 Inert atmosphere Reactive atmosphere 

Studied Parameters Liquid length Vapor Spray  Ignition delay  Lift off length 

Optical Technique DBI Schlieren OH* Chemilu.  OH* Chemilu. 

Camera/ Detector Phantom - V1611 Newport PMT 70680  Photron -  APX-I2 

Sensor type CMOS PM ICCD 

Light source LED plate LED - - 

Lens/ Mirrors 60 mm (f/2.8) 2 Parabolic Mirrors 

(34 inches 

diameter) Pinhole 

of 6 mm 

- UV 60  mm (f/3.5) 

Pin hole (mm)  6 - - 

Filter -  - BPF 307 nm FWHM 

10 nm 

BPF 310 nm 

FWHM 10 mm 

Frame speed (kHz) 49 39 2 39 

Exposure time (µs) 3 5 - 499 

Image size (pi2) 512 x 384 1024 x 400 - 512 x 1024 

Magnification 

(pix/mm) 

12 12.3 - 18.2 
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 121 

Figure 2. Scheme of optical setup for reactive atmosphere 122 

Some images or signals obtained from these different techniques are plotted in the following sections to illustrate the 123 

quality of the set-ups. 124 

2.3 Fuels 125 

As the objective of this study is to provide data and some understanding about the effect of blending butanol in gasoline 126 

in the Gasoline Compression Ignition mode, PRF80 was chosen as the gasoline surrogate and different quantities of butanol in 127 

volume were added with an increment of 20%, denoted Bu0, Bu20, Bu40, Bu60. The main properties of the pure fuels and 128 

blends are given in Table 2. The properties of the blends were estimated by weighted the value of each single component with 129 

its volumetric fraction. Viscosity of pure n-heptane, iso-octane, n-butanol and all blends was measured by viscosity meter. As 130 

expected due to the pure butanol properties, the increase of butanol amount increases the density and viscosity while the lower 131 

heating value decreases. This should be considered to supply the same amount of chemical energy. 132 

Several studies have been carried out to identify the best way to estimate the Research Octane Number for alcohol and 133 

gasoline mixtures [26,27]. Because of the higher molecular weight of butanol, closer to that of gasoline, their molar and 134 

volumetric concentrations are similar, and there is no significant difference in blend octane number estimations for these 135 

compounds using volumetric or molar concentrations. The research octane number (RONblend) of n-butanol blends was 136 

calculated by RON prediction of a linear molar-weighted model [26] given by: 137 

RONblend = (1-xmole).RONPRF80 + xmol.RONn-bu   Eq. 1 138 

in which: RONPRF80 = (1-ymole).RONiso-octane + ymol.RONn-heptane, where xmol is the molar fraction of n-butanol in the blend; ymol is 139 

the molar fraction of n-heptane in PRF80. One effect of the addition of n-butanol as in Table 2, is the decrease of the reactivity 140 

quality as predicted the estimate of the RON by Eq.1, which is important in the case of PPC combustion mode. Moreover, its 141 

higher evaporative cooling effect than gasoline also contributes to increase the ignition delay. 142 
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Table 2. Fuel properties of Primary reference fuels 143 

Properties n-heptane iso-octane PRF80 n-butanol Bu20 Bu40 Bu60 

Molecular formula C7H16 C8H18 C7.8H17.6 C4H9OH 
C7.04H15.88- 

-(OH)0.2 

C6.28H14.16- 

-(OH)0.4 

C5.52H12.44- 

-(OH)0.6 

Mf, Molar weight [g.mol-1] 100 114 11.2 74 103.76 96.32 88.88 

Oxygen content [%] - - - 21.6 3.08 6.64 10.8 

ρf, Density at 15 oC [kg.dm-3] 0.684 0.692 0.6904 0.8098 0.718 0.742 0.765 

υf, Viscosity at 15 oC  [mm2.s-1] 0.344 0.504 0.452 4.142 0.705 1.212 1.901 

υf, Viscosity at 40 oC  [mm2.s-1] 0.214 0.336 0.268 2.211 0.451 0.724 1.050 

υf, Viscosity at 70 oC  [mm2.s-1] 0.014 0.144 0.065 1.130 0.205 0.318 0.472 

LHV, Lower heating value 

[MJ.kg-1] 
44.6 44.3 44.36 33.1 42.11 39.86 37.60 

Lv, Latent heat of vaporization 

at 298 K [kJ.mol-1] 
31.6 31.01 31.13 43.07 33.52 35.90 38.29 

Air-fuel stoichiometric (mass) 

ratio 
15.14 15.09 15.10 11.21 14.32 13.54 12.77 

RON (linear molar-weighted 

model)  
0 100 80 96 83.2 86.6 89.6 

Boiling point at 1 atm [oC] 98.38 99.3  117.8    

Pv, Vapor pressure at 298 K 

[kPa]  
4.6 5.5  0.58    

Auto-ignition temperature [◦C]  220 396  343    

cpf, Specific heat at 15 oC 

[kJ/kg.K] 
2.24 2.05  2.39    

2.4 Mass flow rates for blends 144 

The physical parameters of the different blends can affect the global injected fuel quantity. For that, the average mass 145 

flow rate (MFR) for the injection conditions (i.e. ambient and injection pressures of 60 bar and 400 bar respectively) was 146 

measured thanks to an IAV Injection rate system (model K-025-50). As example, in Figure 3, the results of the average from 147 

20 repetitive injections with an injection duration of 3 ms are presented for the maximum of Butanol content, i.e. 60% in vol., 148 

in comparison to PRF80. First, the initial hydraulic delay is not affected by the fuel difference, contrary to the final hydraulic 149 

one, longer in the case of Bu60. Second, the quantity of fuel injected is slightly higher in the case of Bu60 denser than PRF80. 150 
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Indeed, the discharge coefficient, Cd estimated as the ratio between the average MFR [3 ms – 4 ms] and the theoretical one is 151 

equal to 0.86 for these two fuels. Therefore, the energy input corresponding is 317 kJ and 300 kJ for PRF80 and Bu60 152 

respectively. 153 

 154 

Figure 3. Mass flow rate for PRF80 and Bu60 155 

 156 

2.5 Analysis tools 157 

• From the in-cylinder pressure signal 158 

From the in-cylinder pressure signal, filtered with a low-pass filter, first the heat release rate (HRR) was estimated by a 159 

simple estimate of the wall-heat transfer (in order to get HRR = 0 before injection timing): 160 

1
. . . .

1 1

dQ dV dP
P V

dt dt dt

γ
γ γ

= +
− −

, with P and V the combustion vessel pressure and volume respectively. As the air was 161 

assumed as the main component of the ambient, so the isentropic ratio, γ is only function of temperature. For that, the 162 

correlation of the specific heat as a function of temperature from [26] was used, with the average temperature estimated where 163 

the inlet valve closed was set at TDC. 164 

 This estimate helps to identify different phases of the combustion as the start of combustion (SOC), the premixed 165 

combustion and the late mixing controlled combustion phase. The ignition delay, ID, is then the time interval between the start 166 

of injection, SOI, and SOC. But as SOC is not absolute, i.e. low pressure or HRR gradient, it was also estimated by means of 167 

optical techniques as Schlieren imaging images or OH* time-resolved chemiluminescence. 168 
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 169 

Figure 4. Typical cylinder pressure and heat release rate 170 

To globally characterize the combustion development, BMF (Burned Mass Fraction) 10/50/90 are defined as the time 171 

durations where 10/50/90% of the heat has been released, as done for engine combustion analysis. From that, the Combustion 172 

Duration, CD, is defined as the difference between BMF90 and BMF10, i.e. the time in which 10-90% of the fuel mass has 173 

been burnt. 174 

Spray parameters 175 

An example of images obtained from the Schlieren set-up in the case of PRF80 is presented in Figure 5 in inert and 176 

reactive ambient conditions. From the contour of the spray images, the penetration length S is calculated as indicated in ECN. 177 

Figure 6 shows an example of the evolution of the liquid and vapour spray penetration lengths for PRF80: the green curves are 178 

for one condition; the red one is an average of 6 tests and the black one the average +/- the standard deviation. The plot proves 179 

that the experiments done in NOSE setup are with a good repeatability as the standard deviation is less than 3%. Therefore, 180 

only the average values of the results are given below. 181 
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 182 

Figure 5. Schlieren images of spray with inert (left) and reactive (right) atmosphere  183 

 184 

Figure 6. Evolution of the liquid and vapor spray penetration length of PRF80 with time 185 

Combustion parameters 186 

To determine the Lift-off-length, the approach suggested by Siebers and Higgins [29] was used. Once the combustion 187 

image has been filtered with a 3x3 pixel mean filter, the flame is divided through the axis defined from the injector tip into two 188 

profiles, a bottom and a top profile (Figure 7). The lift-off length is estimated by plotting the OH* intensity profile from the 189 
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injector tip for both the upper and lower axis. The values reported in this work were calculated with a 50% intensity peak, 190 

following the same criteria as Benajes et al. in [30]. 191 

 192 

Figure 7. Flame Lift off length obtained by OH* chemiluminescence: Top: example of one image. Bottom: intensity 193 

profiles for bottom (continuous red) and top (continuous blue) flame sections; dashed lines in the same colours represent LOL 194 

estimated with a 50% intensity peak 195 

3. Results  196 

3.1 Effect of butanol quantity on spray processes 197 

Figure 8 shows the temporal evolution of average vapor and liquid spray penetration lengths in non-reactive conditions 198 

for all fuels. First, for all the fuels tested, the liquid spray reaches a stable penetration length 0.5 ms after the start of injection 199 

(corrected by the hydraulic delay). But the liquid phase penetration length is strongly affected by the butanol content in the 200 

fuel, due to its higher viscosity and density. Figure 9 highlights the non-linear effect of butanol content on the liquid spray 201 

penetration length, determined during the stable phase of spray penetration: (1 to 1.5 ms): the effect is greater, i.e. higher 202 

gradient when the quantity of butanol is above 20% in volume. Therefore, as seen in Figure 8, the difference relative to the 203 

liquid length of PRF80 can reach 30% when 60% of butanol in vol. is added while the difference is only 5% with 20% of 204 

butanol. This result is extremely relevant in the context of partially premixed combustion strategies as the start of injection is 205 

significantly advanced compared to the Conventional Diesel Combustion mode, and can generate liquid fuel wall 206 

impingement. 207 



12 
 

 208 

Figure 8. Liquid Spray penetration of PRF80 and PRF80-Butanol blends – Pamb = 60 bar, Tamb = 900 K, Pinj = 400 bar. 209 

 210 

Figure 9. Liquid length of PRF80 and PRF80 - n-butanol blends 211 

Pamb = 60 bar, Tamb = 900 K, Pinj = 400 bar. 212 

The liquid penetration length was estimated from fuel properties, as the correlation suggested by Naber and Siebers 213 

[31]: 214 

 ( )
.

. . ( )
tan 2

f d noz

amb

C d
LL A F B

ρ
ρ θ

=  with ( )

2

2
( ) 1 1

, ,amb amb f

F B
B P T T

 
 = + −
 
 

 Eq. 2 215 

With A an arbitrary constant, 
f

amb

ρ
ρ

 the fuel/air density ratio, Cd the discharge coefficient, dnoz the orifice diameter, θ the 216 

angle spray and B, a term analogous the mass and thermal transfer number used in droplet vaporization studies, function of the 217 

fuel properties (Pv, Mf, cpf, Lv), ambient gas properties (Ma, cp) and the operating conditions (Pamb, Tamb, Tf). Due to the multi 218 

components of the fuel, to evaluate the effect of the n-butanol content on LL, the ratio Fblend/FPRF was estimated by comparing 219 
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ratio LLblend/LLPRF80 and 
80 80

blend d blend

PRF d PRF

C

C

ρ
ρ

−

−

, as the angle spray values for all fuels under steady state, i.e. from 1 to 1.5 ms, 220 

are around 21o ± 2o without any effect of butanol contents. With PRF80 and Bu60, LLBu60/LLPRF80=1.3 and 221 

60 60

80 80

Bu d Bu

PRF d PRF

C

C

ρ
ρ

−

−

=1.047. 222 

Addition, as reference as [32], the authors a correlation taking account fluid-mechanics with density and evaporative 223 

properties with temperature at which 50% of the fuel distilled in absence of specific and latent heat :224 

50%. . . .a b c e h

noz amb inj f
LL d T P Tρ∝ , with dnoz the orifice diameter, Ta the ambient gas temperature, Pinj the injection pressure, ρa 225 

ambient gas density, ρf the fuel density, T50% . But as it can be seen, in Table 3, the addition of butanol in gasoline blends has a 226 

very slight effect on distillation temperatures (extracted) from [33] . In fact, as underlined Dernotte et al. [34], the main change 227 

of liquid length is due to the high latent heat of vaporization, so for fuels like oxygenate fuels, the use of atmospheric pressure 228 

boiling point to correlate the liquid length is not sufficient. 229 

Table 3. Distillation temperature of Gasoline and blends with n-butanol 230 

Fuel Gasoline Bu20 Bu40 Bu60 

T10% [oC] 73 ± 0 74 ± 1 79 ± 1 88 ± 1 

T50% [oC] 105 ± 0 96 ± 0 97 ± 1 101 ± 0 

T90% [oC] 153 ± 5 135 ± 4 110 ± 2 106 ± 0 

The specific heat considers as required heat to increase temperature until gases vapor condition: the heat transfer in term 231 

conduction from gas ambient to drops of spray. But, the latent heat as the amount of heat released during change of state from 232 

drops of spray to gases vaporization. The volatility as the mass transfer in term evaporation from drops spray to gases 233 

vaporization. The experimental results show that LL of Bu60 is the highest, that can be explain by higher: the specific heat 234 

(cpf), boiling point temperature and the latent heat (Lv) and by lower vapor pressure due to require more heat of gas ambient 235 

transfer to drops spray for increase temperature of drops spray and until boiling point condition, and more heat released to 236 

evaporation. The evolution of LL as a function of Butanol contents is important to consider as function of the injection 237 

strategies for GPPC (one injection, multiple injection, injection phasing) the liquid fuel wall impingement can occur for high 238 

butanol quantity.  239 

However, as can be noted in Figure 10, the vapor phase penetration length is very weakly affected by the butanol content: less 240 

than 3% of relative difference was observed, even with 60% butanol in volume. 241 
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 242 

Figure 10. Vapor Spray penetration of PRF80 and PRF80-Butanol blends – Pamb = 60 bar, Tamb = 900 K, Pinj = 400bar. 243 

3.2 Auto-ignition delays from kinetics modelling 244 

The kinetics simulations were carried out using the constant volume model in the Senkin code [35]. The kinetics model 245 

for the blends was designed by using the 1033 species and 4238 reactions detailed mechanism proposed by Curran et al. [36] 246 

for the oxidation of iso-octane. This kinetics scheme based on the oxidation of n-heptane [37] can also be used for PRF 247 

oxidation. The oxidation of butanol was taken from the kinetic mechanisms of butanol isomers investigated by Sarathy et al. 248 

[38]. 249 

As the ambient temperature (at the injection timing, i.e. 900 K) is reduced during the vaporization process, the initial 250 

conditions for the simulations were set to 60 bar, with a temperature range from 790 K to 910 K, and due to the mixture 251 

fraction distribution, a wide equivalence ratio range from 0.2 to 2.0. These variations were explored to further describe the 252 

impact of n-butanol on PRF80 blends. 253 

Figure 11 presents the iso-contour of the computed ignition delays for each fuel is plotted for all temperature and 254 

equivalence ratio ranges. As expected the ID increases with the increase of Butanol. So, at one given temperature, the same 255 

ignition delay can be reached for a higher equivalence ratio. For example, at 860 K, a 1 ms ignition delay is reached for an 256 

equivalence ratio of 1.5, 1.62, 1.9 and higher than 2 for a butanol content of 0, 20, 40 and 60% respectively. Therefore, the 257 

experimental measurements of the ignition delays associated with this map can provide an idea about the local equivalence 258 

ratio and temperature. 259 
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 260 

Figure 11. Ignition delay iso-contours for all fuels as a function of the temperature and equivalence ratio - Pamb = 60 261 

bar. 262 

The adiabatic temperature of the fuel/air mixture inside the chamber can described by:  263 

( ) . ( ) 0a pa m amb f v f pf m bm c T T m L m c T T− + + − =   Eq. 3 264 

Here ma, mf: the mass of air inside the chamber and the mass of fuel injected, respectively, cpa, cpf: the heat capacity of 265 

air and fuel, respectively, Lv: the heating vapor of fuel, Tm, Tamb, Tb: Temperature of the air/fuel mixture, of the ambient gas and 266 

of the fuel boiling point, respectively. The temperature of the air/fuel mixture is expressed as:   267 

pa amb pf b v

st st
m
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c T c T L

T
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θ θ
θ θ

θ
θ

+ −
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+
  268 

The cooling effect of the fuel spray is considered in order to calculate the ignition delay as a function of the equivalence 269 

ratio. Indeed, for each air-fuel mixture, the initial adiabatic temperature can be calculated and used to determine the adiabatic 270 

temperature evolution during combustion. As, depending on the equivalence ratio, the initial mixture temperature depends on 271 

the physical properties of the fuel (such as boiling  point, heat capacities and latent heat of vaporization), the initial mixture 272 

temperature set to estimate the ignition delay changes considerably as a function of the equivalence ratio and of the fuel. In 273 

Figure 12, the ignition delay is plotted by considering the ‘adjusted’ initial temperature as a function of the equivalence ratio 274 

for PRF80 and butanol blends. The trend is identical for all fuels: the ignition delay reaches a minimum value for an 275 

equivalence ratio between 1.2 and 1.5 before increasing again. As can be seen, the improvement in reactivity caused by the 276 

richer mixture competes with the lower mixture air-fuel temperature due to the cooling effect associated with higher fuel 277 

concentrations. For lean conditions with ER < 1.2, the ignition delay time decreases while the equivalence ratio increases, in 278 
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contrast to the rich condition with ER > 1.5 caused by the cooling effect associated with the stronger increase in fuel molar 279 

fractions. The minimum in ignition delay time corresponds to the best reactive combination between equivalence ratio and 280 

initial mixture temperature. As expected, Figure 12 shows that for a given ER, a higher n-butanol concentration shortens the 281 

ignition delay. Therefore, the effect of butanol content is higher: for 60% of n-butanol content and the ignition delay is twice as 282 

long.  283 

 284 

Figure 12. Ignition delay as a function of equivalence ratio for PRF80/Bu blendsas under adiabatic corresponding 285 
temperature, ‘bright’ losanges indicate minimum ignition delay for each fuel - Pamb = 60 bar. 286 

3.3 Effect of butanol quantity on combustion processes 287 

In Figure 13, the evolution of the average pressure in the combustion chamber and the average apparent heat release 288 

rate are plotted versus time. It can be seen that the start of combustion occurs at least 1.5 ms after the start of injection, so in a 289 

region where the vapor spray penetration is far from the liquid penetration as confirmed in from Figure 6 second it has to be 290 

noted that as a function of the increase in Butanol content, the combustion onset is strongly delayed, due to both the difference 291 

in the chemical ignition delay but also the vaporization and mixing processes in HP/HT vessel. 292 

 293 

Figure 13. Typical pressure and Heat release rates - Pamb = 60 bar, Tamb = 900 K, Pinj = 400 bar. 294 

Figure 14 illustrates the experimental ID of all the fuels obtained from OH* chemiluminescence intensity and HRR 295 
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temporal evolutions. Both estimates, averaged over the 6 experimental tests are overall in a very good agreement. ID values, 296 

obtained for a stoichiometric mixture at 900 K and the values obtained from Figure 12, i.e. the minimum ones determined 297 

previously from kinetics simulation are also plotted. Even if the estimate of the initial temperature (by taking into account the 298 

cooling effect due to the latent vaporization heat) is rough with the simple equation, globally a good agreement is obtained. 299 

 300 

Figure 14. Average Ignition delay: experimental and simulated estimates for all fuels - Pamb = 60 bar, Tamb = 900 K, Pinj 301 

= 400 bar. 302 

From Figure 13 also, the shape of the HRR indicates a combustion process in two phases: the premixed phase and the mixing 303 

controlled phase (i.e. diffusion phase).as the fuel is a gasoline type, these two phases are less easily distinguishable than for 304 

diesel fuel. Indeed, the combustion process itself is a mix between premixed and mixing controlled combustion modes. The 305 

first peak seems to be more important as a function of the butanol amount increase To confirm that, the different phases of the 306 

combustion process (i.e. time for 10, 50 and 90 % of the fuel mass fraction to be burnt, BMF10, BMF50, BMF90 respectively) 307 

and the global combustion duration (BMF90-BMF10), split in two phases (BMF50-BMF10, and BMF90-BMF50) were 308 

estimated and are plotted in Figure 15. 309 
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 310 

Figure 15. Different combustion phases for all fuels - Pamb = 60 bar, Tamb = 900 K, Pinj = 400 bar 311 

The earlier stage of combustion is slightly increased as a function of butanol content but the decrease of BMF50 indicates that 312 

combustion is faster with butanol, as can be predicted from the laminar flame velocity measurements [39]. It is interesting to 313 

note that also the total burning time decreases linearly with the n-butanol amount in the blend. Due to the longer ignition delay, 314 

the increase of butanol in the blend favors the premixing of fuel and air. But by considering the both half part of the 315 

combustion It can be noted that even if the global effect of butanol addition is linear if only the temporal evolution of the 316 

combustion is considered (BMF50, CD) the effect of butanol content is not linear, it is to say that when the amount of butanol 317 

is higher than 50%, the premixed phase duration is longer due to the difference of vaporisation physical parameters of butanol 318 

in comparison to PRF80. 319 

From OH* chemiluminescence images, it is possible to determine the evolution of the global Averaged Spatially 320 

integrated Intensity, as 

,i j

i j

I

ASI
N

=
∑∑

, with Ii, j the intensity at pixel position (i, j) and N the total pixel number. The plot 321 

of ASI versus time, as Figure 16, helps to identify the premixed phase. Indeed, the rank is similar to the ID rank: PRF80 ASI 322 

starts the first, followed by butanol blends as a function of the butanol amount as already observed from the heat release rate 323 

plot in Figure 13. 324 

However, ASI is more sensitive to the n-butanol concentration: the peak decreases with the increase in butanol and the time 325 

duration also, confirming the shorter combustion duration of the premixed combustion phase. 326 
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 327 

Figure 16. Averaged spatially integrated of Flame OH* - Pamb = 60 bar, Tamb = 900 K, Pinj = 400 bar 328 

3.4 Effect of butanol amount on Lift off Length 329 

Flame lift-off length (LOL) is an indicator of the mixing time between air and fuel before the ignition which induces the 330 

combustion and pollutant process. The temporal evolution of lift off length for PRF80 and n-butanol blends is plotted in Figure 331 

17. It can be noted that the flame first stabilizes far from the injector tip and then slowly approaches it. These movement can be 332 

explained by a variation of average ambient temperature during the combustion. As the NOSE volume is smaller this effect is 333 

no-negligible. When the fuel injection is stopped, i.e. at 6.5 ms, the flame is convected by the vapor spray. The combustion 334 

process continues for a quite a long time after the end of injection, though in a narrower combustion region. Compared with the 335 

liquid penetration length evolution, the higher value of LOL proves that fuel reaches the combustion region after total 336 

vaporization and that the fuel vapor continues to move downstream with the air entrainment. Then, the fuel vapor and air 337 

mixture reaches the reaction zone and is ignited by the flame. Due to the strong effect of containment, the LOL is stable in a 338 

relatively small temporal range, identified in Figure 17 by the black symbols.  339 

 340 

Figure 17. Temporal evolution of Flame Lift off for all fuel conditions - Pamb = 60 bar, Tamb = 900 K, Pinj = 400 bar 341 

As reminded Benajes et al. in [30], the Lift off length is strongly related to gas-jet theory as: 2%. . .a b c d

amb amb thLOL T u Oρ∝ , 342 

with uth the theoretical velocity of the fuel at the orifice outlet, 2( / )
th noz f

u p ρ= ∆ , noz
p∆  the pressure drop through the 343 

nozzle orifice approximated to (prail - pamb) and a, b, c, d constant. As in this present study, all parameters were set constant, 344 
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only fuels change.  345 

Therefore, the LOL has to be mainly dependant on the fuel density as: 80

80

c

blend PRF

PRF blend

LOL

LOL

ρ
ρ

 
=   
 

. But contrary to the results 346 

predicted by Benajes et al. [30], the constant exponent, c as presented in Figure 18, is negative, indicating certainly that this 347 

other parameters have to be taking into account in the case of gasoline and alcohols fuels . Indeed, as underlined by [24,40,41], 348 

the LOL is not only affected by the spray feature but also by the oxygen content in the fuel due to the induced change of the 349 

stoichiometric mixture fraction Zst. The evolution of the Lift off length as a function of the stoichiometric air-fuel ratio is 350 

presented also in Figure 18 as 
80 80

e

blend blend

PRF PRF

LOL AFR

LOL AFR

 
=  
 

 with AFR the air fuel ratio stoichiometric. The similar evolution 351 

indicates that both parameters, density and air/fuel ratio have identical weight. 352 

 353 

Figure 18. Measured lift off length versus the density and the stoichiometric air-fuel ratio for butanol blends relative to 354 
values for PRF80 355 

Another way LOL is related with ignition delay [42]. It is described by the Arrhenius-type law. Last, the linear 356 

relationship between LOL and ID is observed in most studies [26], especially focused on Diesel type fuel. The evolution of the 357 

lift off length or ignition delay versus the Octane Number are plotted Figure 19. The estimates of ID by OH* 358 

chemiluminescence and LOL, presented in Figure 14 and Figure 17 respectively are also plotted. 359 

The linear dependency between ID and RON or LOL and RON is well observed. The ignition delay is more sensitive to ratio 360 

of octane number. 361 
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 362 

Figure 19. Lift off length and ignition delay ratios as a function of octane number ratio for all fuels. Data compiled 363 
from Figure 14 and 17 364 

 365 

4. Conclusions 366 

For the first time, experiments were carried out to explore the mixing and the auto-ignition processes in GCI mode 367 

under high temperature and high pressure conditions in the case of gasoline surrogate (PRF80) and n-butanol blends in order to 368 

consider bio-butanol blends as potential renewable fuels for Gasoline Compression Ignition engine for the first time in a 369 

dedicated set-up. .  370 

The main conclusions of the work are as follows: 371 

- Under inert atmosphere conditions, the addition of n-butanol affects the liquid spray until 35% for the highest 372 

content of 60% in volume but without real impact on the vapor spray penetration evolution.  373 

- Under reactive atmosphere conditions, as the increase of n-butanol content in the mixture decreases drastically the 374 

reactivity of the mixture, the combustion is delayed and located further from the nozzle, as indicated the ignition delay 375 

and flame lift-off length evolution as a function of blends. The main results can be summarized as by increasing the 376 

amount of n-butanol in the mixture results: 377 

o Increases the flame lift-off length which leads to decreasing the local equivalence ratio in the combustion 378 

region, resulting in lower soot formation. 379 

o Results in shorter combustion duration and relatively strongly premixed combustion. 380 

Therefore, butanol addition in gasoline could be a good solution in GCI combustion mode as it allows the adjustment of 381 

the combustion phasing and its optimisation in engine to increase the efficiency. 382 
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 487 

Nomenclature 488 

Acronyms 489 

AFR Stoichiometric air-fuel ratio  490 

ASOI  After start of injection 491 

ASI Averaged spatially integrated 492 

Bu20  80% PRF80 / 20% n-Butanol by Volume 493 

Bu40  60% PRF80 / 40% n-Butanol by Volume 494 

Bu60  40% PRF80 / 60% n-Butanol by Volume 495 

BMF10 Burnt mass fraction 10% 496 

BMF50  Burnt mass fraction 50% 497 

BMF90  Burnt mass fraction 90% 498 

ECN  Engine Combustion Network 499 

CD  Combustion duration 500 

Cd  Discharge coefficient 501 

CVC  Constant volume chamber 502 

ER Equivalence ratio 503 

EGR Exhaust gas recirculation 504 

GCI Gasoline compression ignition 505 

HRR  Heat release rate 506 
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FIT Fuel ignition tester 507 

LTC  Low temperature combustion 508 

MFR Mass flow rate 509 

IQT Ignition quality tester  510 

SOC Start of combustion 511 

SOI Start of injection 512 

PID  Proportional-Integral-Derivative controller 513 

PPC Partially premixed combustion 514 

PRF  Primary Reference Fuel 515 

RON  Research octane number 516 

Variable 517 

cp Specific heat for an ideal gas at constant pressure  518 

cpf Specific heat for an fuel vaporization at constant pressure  519 

cv Specific heat for an ideal gas at constant volume 520 

dnoz  Diameter 521 

ID  Ignition delay time 522 

k-factor  Conicity factor used in industry 523 

LOL  Flame Lift off length 524 

LL Liquid spray penetration length 525 

mem
•

 Mean mass flow rate 526 

thm
•

 Theoretical mass flow rate 527 

P  Pressure 528 

V Volume 529 

R  Gas constant 530 

Re  Reynolds number 531 

S  Vapor spray penetration length 532 

T  Temperature 533 

t   Time 534 

γ  Specific heat ratio 535 

υf  Viscosity of fuel 536 
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ρf Fuel density 537 

θ  Angle spray 538 




