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Abstract 

Among the various low NOx combustion technologies, MILD combustion combines low pollutant 

emissions, combustion stability and efficiency, fuel flexibility, and noise reduction through a high 

preheating of the combustion chamber coupled with a massive exhaust gas recirculation at high 

turbulence level. In this work, the sustainability of MILD combustion for liquid hydrocarbon-alcohol 

blends (as possible constituents of surrogate fuels representing the behavior of blends of fossil fuels 

and biofuels) has been investigated experimentally using a dual-nozzle laboratory-scale burner. 

Several hydrocarbon-alcohol blends have been investigated to identify the regions (in the furnace 

temperature vs. dilution ratio space) where MILD combustion can be sustained with low NOx and 

CO emissions. It has been found that the MILD combustion conditions of the various liquid fuel 

blends investigated differ slightly one to each other and are quite similar to that of the hydrocarbons 

without any oxygenated species. This means that a MILD combustion burner shows a large 

flexibility in terms of fuel properties, therefore creating a suitable environment for NOx and CO 

depression also for fossil fuels – biofuels blends. 
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1. Introduction 

In the last years, many researches have been devoted to increase the thermal efficiencies of 

combustion processes without the drawback of high NOx emissions induced by hot spots in the 

flame1. Among the various low NOx combustion technologies developed, MILD (Moderate and 

Intense Low oxygen Dilution) combustion2-6, also known as FLOX (Flameless Oxidation)7, HiTAC 

(High Temperature Air Combustion)1, or CDC (Colorless Distributed Combustion)8 is an effective 

combustion technique that combines low pollutant emissions, combustion stability and efficiency, 

fuel flexibility, and noise reduction9-10. 

MILD combustion requires a high preheating of the furnace, a massive exhaust gas recirculation, and 

a high turbulence level; in addition, it usually occurs without flame. The massive exhaust gas 

recirculation in the furnace can be obtained through high momentum jets of fuel and combustion air6, 

which allow creating a low-pressure zone near the burner nozzles inducing a massive flue gas 

recycle in the furnace. This from one side reduces the concentration of both fuel and oxygen before 

the combustion reactions beginning, therefore reducing the combustion rate, and on the other side 

increases the turbulence level. As a result, the Damköhler number is reduced with respect to the 

traditional flame combustion, which is a prerequisite for achieving MILD combustion conditions. 

The spreading of the combustion reactions over the whole volume of the furnace leads to a relatively 

slow oxidation process with a more uniform temperature profile (and therefore lower peak 

temperatures) and a more homogeneous heat release throughout the furnace with respect to the 

traditional flame burners. The main consequence of this more uniform combustion in the furnace is 

the possibility of increasing the average furnace temperature through a suitable pre-heating of the 

combustion air (which allows to increase the furnace efficiency thanks to the higher temperature 

difference between hot and cold medium) while reducing at the same time the maximum temperature 

value in the furnace (therefore leading to a strong reduction of the thermal NOx production). 



doi:10.1021/acs.iecr.9b02374 

 

The possibility to achieve MILD combustion conditions with different gaseous fuels has been 

extensively investigated in the literature3-8,11-30. However, the same is not true for the MILD 

combustion of liquid fuels, for which much less information are available, as recently reviewed by 

Xing et al.31. Among the others, Weber et al.32 studied NOx emission from a semi-industrial highly 

preheated air furnace with light and heavy oils as fuels; they found that NOx reduction requires an 

optimized burner design in terms of distance between fuel and oxidizer injectors. The effects of the 

nozzle distance on NOx emissions were studied also by Nada et al.33 in a laboratory-scale furnace 

with kerosene as a liquid fuel. Derudi and Rota34 investigated the sustainability of MILD combustion 

of liquid linear and branched hydrocarbons in a dual-nozzle laboratory-scale burner; they found that 

MILD combustion conditions seems more affected by the physical state of the fuel than by the chain 

length of the hydrocarbons. Reddy et al.35-36 studied different burner configurations in order to 

achieve MILD combustion with liquid kerosene; high swirl flows were used to obtain high internal 

recirculation rates of the exhausts. They found that stable MILD conditions with very low CO and 

NOx emissions can be attained without preheating the combustion air, thus confirming the results 

obtained by Cui and Lin37 in a micro-turbine fueled with diesel and by Sharma et al.38-39 in a 

combustor operating in flameless combustion mode. The role of different configurations of a pilot-

scale furnace on the possibility to realize MILD combustion of a light oil was investigated by Li et 

al.40; MILD combustion conditions were established with both air and pure oxygen. Dark sparks and 

flamelets originated from burning oil droplets were observed inside the furnace regardless the 

oxidant used. Ye et al.41 investigated n-heptane jet flames by conventional photography and laser-

induced fluorescence using a Jet in Hot Coflow (JHC) burner.  

Recently, also oxygenated liquid fuels combustion in MILD conditions has been investigated. Using 

ethanol as a fuel, Rodrigues et al.42 attempted to reproduce MILD combustion conditions in a hot-

diluted coflow, while Azevedo et al.43 used a flameless compact burner, provided by a blurry 

injector, to obtain a MILD combustion regime with relatively uniform temperatures and low 
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pollutants emissions. Ye et al.44-45 compared the flame structure of ethanol and dimethyl ether 

(DME) using a Jet in Hot Coflow burner miming MILD conditions.  

The main reason of this growing interest in oxygenated fuels combustion is related to the use of 

biofuels aiming at reducing the environmental impact of the combustion processes through a partial 

replacement of fossil fuels in engines46-49 and in power generation plants50. Even if it is well known 

that the combustion characteristics of these new blends of fossil fuels and biofuels can be effectively 

represented by surrogate fuels constituted by a blends of hydrocarbons and oxygenated species51, no 

information are available on the MILD combustion of liquid hydrocarbon-oxygenated species 

blends. Consequently, the main aim of this work was to investigate experimentally the sustainability 

of MILD combustion for liquid hydrocarbon-alcohol fuel blends using a dual-nozzle laboratory-scale 

burner. In particular, n-heptane and kerosene were used as hydrocarbon fuels, while ethanol (EtOH), 

n-butanol (BuOH), and n-pentanol (AmOH) as oxygenated species. Several hydrocarbon-alcohol 

blends were investigated to identify the regions (in the furnace temperature vs. dilution ratio space) 

where MILD combustion can be sustained with low NOx and CO emissions. 

2. Materials and methods 

2.1  Experimental equipment 

As extensively discussed in the literature4-34, the geometry of the burner (with particular reference to 

the fuel and air jet nozzles) plays an important role since it allows to obtain large exhausts 

recirculation and turbulence intensity, as required to reach MILD combustion conditions.  

A laboratory-scale burner for liquid fuels previously designed to reproduce MILD combustion 

conditions34 was used for all the experimental runs discussed in the following. It allows changing 

both the average furnace temperature and the exhausts recirculation intensity, and it can be fed not 

only with liquid fuels but also with gaseous fuels through a single high-velocity jet nozzle. 

The burner is equipped with a control section to set the feed flow rates of air and fuel as well as the 

air pre-heating temperature, together with sampling and analysis instruments to measure the exhaust 
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gas composition. Since all the details of this experimental device have been discussed in detail 

elsewhere3-5,11,34, they are only briefly summarized in the following.  

The laboratory-scale burner is a vertical tube made from quartz and equipped with both an air 

preheater and a cylindrical furnace whose dimensions are 350 mm height and 50 mm ID (Fig. 1).  

 

Figure 1. Sketch of the experimental setup with detail of the reactants feeding systems: SN gas-fuel 

feed and DN liquid-fuel feed. 

 

Three thermocouples and the gas sampling line enter the furnace from the top of the burner; this 

allows measuring both the furnace temperature at different positions as well as the exhaust gas 

composition. In particular, furnace temperature is measured by three type B thermocouples, as 

shown in Fig. 2; these thermocouples can be moved along the axial direction of the cylindrical 

furnace: two of them are located 14 mm far from the furnace axis, while the third one is located just 

on the furnace axis. 
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Figure 2. Thermocouples position inside the furnace. 

 

The combustion air can be preheated (thanks to a suitable electric oven) up to 1300°C. Since the 

small dimensions of the furnace (which leads to a large surface-to-volume ratio, therefore increasing 

dramatically the heat losses), the insulation of the combustion chamber is achieved through a second 

electric oven able to maintain the furnace wall temperature quite close (say, no more than about 

150°C below) the average temperature of the furnace.  

The apparatus can be fed with both gaseous and liquid fuel. When gaseous fuels are used, they 

(together with the preheated air) enter the combustion chamber in a single-nozzle (SN) 

configuration, that is, from a single nozzle (3 mm ID) located on the bottom of the combustion 

chamber (see Fig. 1). Preheated primary air and diluting nitrogen (when required) enter the furnace 

through the inlet labelled “A1+N2” in Fig. 1, while the gaseous fuel joins them from the lateral inlet 

labelled “Fuel (gas)” in Fig.1. After a partial premixing, preheated air and nitrogen (when required), 

together with the fuel, enter the combustion chamber through the same nozzle. It should be 
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mentioned that no significant fuel oxidation occurs inside the small pipe from the lateral entrance of 

the fuel to the nozzle exit due to the short residence time. In Fig. 1 also a the secondary air inlet 

(labelled “A2”) is shown, which can be used both for firing and heating up the burner, as well as for 

obtaining internal exhausts recycle values outside the range achievable only through the 

aerodynamics of the system, as discussed in the following.  

When liquid fuel is fed to the furnace, a double-nozzle (DN) configuration is used as shown in Fig. 

1. In this configuration, the preheated combustion air enters the furnace through the same bottom 

nozzle used with gaseous fuels (labelled “A1+N2” in Fig. 1), while the liquid fuel enters through a 

lateral water-cooled jet airblast atomizer (located 60 mm above the furnace nozzle tip, labelled “Fuel 

(liquid)” in Fig. 1), which is able to create a well-dispersed homogeneous spray. This atomizer is 

cooled at about 60°C through an external cooling jacket, and it is flushed with a nitrogen flowrate of 

about 2 Nl/min. These conditions generate a spray of small droplets with an estimated SMD value in 

the range 30-37 µm (for the fuels investigated in this work), leading to quite a short penetration 

distance. The bottom air jet and the lateral spray jet interact and mix, creating a high turbulence 

region. As it is not easy to fire directly the burner in the DN configuration when liquid fuels are used, 

the burner was always fired using a gaseous fuel (that is, methane) in the SN configuration until the 

transition from flame to flameless (that is, MILD) conditions was achieved. Therefore, the burner 

was switched from the SN gas-fueled configuration to the DN liquid-fueled one by reducing the 

gaseous fuel flow-rate from the bottom nozzle while increasing at the same time the liquid fuel flow-

rate from the lateral injector. 

Exhausts were sampled and, after drying, they were analyzed using an on-line gas analyzer Horiba 

PG-250 and an off-line GC-FID Perkin Elmer Clarus 500. In particular, NOx, O2, CO, and CO2 

measurements were carried out on-line, while unburnt hydrocarbons detection was performed off-

line. Measurement uncertainties for NOx and CO concentrations (which are the key species for 

identifying clean MILD conditions, as discussed in the following) were estimated equal to about 1 

and 2 ppm from the mean value were, respectively. 
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2.2  Boundaries of the MILD combustion region on the Tavg - KV plane 

The aforementioned experimental device has been used to investigate the influence of two of the 

main operating parameters able to influence MILD combustion conditions achievement, namely: the 

average value of the furnace temperature (Tavg) and the dilution ratio (KV). The latter is defined as 

the ratio of the recycled exhausts to the incoming reactants flow-rates3,7,12.  

However, it should be noted that while in real-size furnaces the dilution ratio is defined by the burner 

design and possibly from an external exhaust gas recirculation, in the laboratory-scale burner 

previously described the KV value can be modified by feeding to the furnace either a secondary air 

stream around the bottom nozzle through the “A2” inlet in Fig. 1 (which would reduce the exhausts 

entrainment into the primary air + fuel jet, therefore reducing also the KV value) or some inert gas 

(that is, nitrogen) together with the primary combustion air through the “A1 + N2” inlet in Fig. 1 

(which would reproduce the effect of an external exhausts recirculation, therefore leading to an 

increase in the KV value).  

As discussed in details elsewhere3,12, through CFD (Computational Fluid Dynamics) calculations it 

has been previously estimated the maximum KV value achievable from the internal exhausts recycle 

without any secondary air or inert gas addition (in the following labelled as R), which is equal to 

about 5 for all the conditions of interest for this work. In particular, such a value is obtained at about 

55-60 mm (depending on both the thermal input and the intensity of the air pre-heating) from the tip 

of the bottom nozzle, that is, close to the region where the lateral spray-jet enters the furnace. 

As discussed elsewhere34, the maximum KV values obtained in this laboratory-scale apparatus 

(which allows for both additional inert and secondary air feeds) can be estimated through the 

following relation: 

( )
( ) ( )
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1 2 / 1 1 / 1 1 2 / 1
V

N A RR A A
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where A1 is the flow-rate of the primary air, A2 is the flow-rate of the secondary air, N2 is the flow-

rate of the inert gas, and F is the flow-rate of the fuel. Obviously, when neither secondary air nor 

inert gas are fed, the previous relation reduces to KV=R.  

The identification of MILD combustion conditions requires the definition of some threshold values 

either for pollutants emissions or for temperature differences in the furnace. When such threshold 

values are exceeded, burner is operating outside the MILD combustion region. Coherently with 

previous studies4,5,34,  “clean MILD” conditions were defined by concentration values in the exhausts 

of NOx < 30 ppm and of CO < 50 ppm. It should be noted that these thresholds are arbitrary (e.g., 

they are not related to any regulations) since they have been introduced to identify more stringent 

conditions with respect to those commonly considered for identify MILD combustion (i.e, flame 

disappearing, temperature differences reduction, or a sharp decrease of NOx emissions)3. Moreover, 

the effect of a small variation of these thresholds on the boundaries of the MILD combustion region 

on a Tavg vs. KV plane is marginal, as will be discussed in the following. 

3. Results and discussion 

3.1 Pollutants emissions and temperature profiles 

Given the small dimensions of the experimental apparatus, the burner was operated with thermal 

power values in the range 0.2-0.6 kW. For all the tests, the firing procedure previously discussed was 

used. The furnace was initially pre-heated in the SN configuration using methane as a fuel and, once 

MILD conditions were achieved, the methane flow-rate from the bottom nozzle was gradually 

reduced while increasing the liquid flow-rate from the lateral nozzle, therefore switching to the DN 

configuration. Note that this gradual switch, carried out at constant overall fuel thermal input, allows 

for maintaining clean MILD conditions over the whole switching procedure. 

Flow-rates of the investigated fuels, as well as the temperature of the air pre-heater and the ratio 

between primary and secondary air were regulated according to the experimental conditions to be 
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obtained; Table 1 reports the range of flow-rates used for the various liquid fuels; the air flow rate 

was always adjusted as a function of the reaction stoichiometry and the required air excess. 

 

 

Table 1. Range of flow-rates for the investigated liquid fuels. 

Fuel Flow-rate 

min [mol/s] 

Flow-rate 

max [mol/s] 

n-heptane 2.9x10-5 9.0x10-5 

n-heptane:EtOH 50:50 vol 1.4x10-4 2.6x10-4 

Kerosene 2.8x10-5 9.1x10-5 

Kerosene:EtOH 50:50 vol 8.1x10-5 2.2x10-4 

Kerosene:BuOH 50:50 vol 3.2x10-5 1.1x10-4 

Kerosene:AmOH 50:50 vol 3.6x10-5 1.5x10-4 

 

Fig. 3 shows a typical comparison among the furnace temperature profiles (averaged on the three 

radial thermocouple measurements) collected during the switch from clean MILD combustion 

conditions in the SN configuration using methane as a fuel to clean MILD combustion conditions in 

the DN configuration using n-heptane as a fuel with an air temperature pre-heating, Tpreheat, equal to 

1050°C. It is possible to notice that the temperature profiles show a similar shape, even if in the SN 

methane MILD combustion the peak temperature (which is an indicator of the maximum fuel 

oxidation rate) is located closer to the burner nozzle tip (which is located at an axial distance equal to 

290 mm), while the peak temperature moves towards the exhausts outlet in the DN n-heptane MILD 

combustion. This is coherent with both the different location of the fuel inlet (which is closest to the 

exhausts outlet in the DN configuration) as well as with the higher characteristic combustion time of 

the n-heptane droplets with respect to the gaseous methane. However, we can also see that in both 

the configurations the temperature profiles are quite flat (a maximum temperature difference of less 

than 150°C is evident from Fig. 3), as expected when MILD combustion conditions are achieved. 

Moreover, also an intermediate profile, measured when both methane from the bottom nozzle and n-
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heptane from the lateral nozzle were fed to the burner, is reported in Fig. 3. As expected, this 

intermediate configuration shows a temperature profile close to that of the SN methane configuration 

near the bottom of the furnace (where the maximum methane combustion rate is located), while in 

the upper part of the furnace (where the maximum n-heptane combustion rate is located) it becomes 

closer to that of the DN n-heptane configuration. Also in this case the temperature profile is quite 

flat, clearly indicating that MILD combustion conditions are achieved also during the gradual 

transition from SN gaseous fuel to DN liquid fuel configuration.  

 

Figure 3. Average temperature profiles measured during the firing procedure involving the switch 

from the SN configuration with gaseous methane as a fuel to DN configuration with liquid n-heptane 

as a fuel (Tpreheat = 1050°C; overall fuel thermal input equal to 0.3 kW; KV = 7). Error bars indicate 

the maximum temperature deviations measured in the radial direction. 

 

Similar conclusions arise from all the liquid fuels (both pure hydrocarbons and hydrocarbon-alcohol 

blends) investigated in this work, as shown for the sake of example in Fig. 4 for the two 

hydrocarbons (n-heptane and kerosene) both pure and blended (50% vol) with EtOH. In particular, 

Fig. 4a shows the NOx emissions measured during the switch from gaseous SN configuration 

(corresponding to the abscissa equal to 0) up to liquid DN configuration (corresponding to the 

abscissa equal to 100), while Fig. 4b shows the same trends for the average furnace temperature. 

Exhausts outlet 
Air inlet nozzle 



doi:10.1021/acs.iecr.9b02374 

 

All the hydrocarbons and hydrocarbons-alcohol blends investigated in this study evidenced a similar 

NOx trends when switching from SN gas to DN liquid configuration: NOx emissions slightly 

increases from methane MILD combustion to liquid MILD combustion, but they are always well 

below the clean MILD threshold of 30 ppm. As the system was always operated with the same 

overall fuel thermal input, the increased NOx formation should be probably ascribed to the Prompt-

NOx mechanism52, which becomes more relevant for liquid fuels in the region where the droplets of 

the fuel spray evaporate leading to larger fuel/oxygen ratio values. However, clean MILD 

combustion conditions have been achieved not only with all the liquid fuels in the DN configuration, 

but also in all the intermediate configurations involved in the switch from the SN gas to the DN 

liquid configurations. This is also confirmed by the results shown by Fig. 4b, where no significant 

variations in the temperature trends are evidenced when switching from SN gas to the DN liquid 

configurations. Moreover, it is worth mentioning that the fuel conversion was always found to be 

complete, with no unburnt hydrocarbons and negligible CO emissions. 

 

SN DN 

a) 
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Figure 4.  NOx emissions at 3% O2 excess in the dry exhausts (a) and average furnace temperatures 

(b) as a function of the liquid to gaseous fuel ratio: 0% means SN gas configuration, while 100% 

means DN liquid configuration. Intermediate values indicates intermediate configurations achieved 

during the switch between SN gas and DN liquid configurations (Tpreheat=1000°C; overall fuel 

thermal input equal to 0.3 kW; KV = 7). 

 

Coherently with previous results related to different liquid hydrocarbons34, the chemical nature of the 

liquid fuel seems to play a secondary role on the possibility of achieving MILD combustion 

conditions also when oxygenated fuels are involved. In other words, once the furnace enters MILD 

combustion conditions with a specific fuel (in this case methane), such conditions are maintained 

regardless the switch from one fuel to another one. This is supported also by the results reported in 

Fig. 5, where the NOx emissions measured in the DN configuration using different liquid fuels is 

reported as a function of the dilution ratio, KV. As expected, it is possible to see that decreasing the 

KV value leads to increase the NOx emissions until the clean MILD threshold limit of 30 ppm is 

exceeded. However, it is also clear that this happens for a KV value equal to about 2 regardless the 

fuel composition: this is a further confirmation that clean MILD combustion conditions are poorly 

affected by the fuel composition. Moreover, it can be noticed that while at high KV values the NOx 

emission profiles are quite flat, when decreasing the KV values they become quite sharp because the 

furnace is exiting quickly the MILD combustion conditions. This implies that the effect of small 

SN DN 

b) 
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variations of the (arbitrary) NOx thresholds set to define the boundaries of the clean MILD 

combustion region on a Tavg vs. KV plane is quite negligible. 

 

 

Figure 5. NOx emissions at 3% O2 excess in the dry exhausts (a) and average furnace temperatures 

(b) as a function of the dilution ratio, Kv, in the DN configuration (Tpreheat=1050°C; overall fuel 

thermal input equal to 0.4 kW). 

 

The negligible influence of the presence of alcohols in the liquid fuels is also evident from the results 

summarized in Fig. 6, which reports the temperature profiles measured along the furnace with two 

different exhaust recycle ratio in the DN configuration with some kerosene-alcohol blends. As can be 

seen, all the investigated fuels evidenced very similar trends, with low temperature differences both 

a) 

b) 
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in the axial (lower than 120°C) and radial (lower than 60°C) directions, which clearly indicate that 

MILD combustion conditions are achieved.  

 

 

 

Figure 6. Average thermal profiles obtained along the combustion chamber at Kv=7 (a) and Kv=4.5 

(b) in the DN configuration (Tpreheat = 950°C; overall fuel thermal input equal to 0.4 kW). Error bars 

indicate the maximum temperature deviations measured in the radial direction. 

 

3.2  Clean MILD combustion regions on the Tavg vs. KV plane   

Several experiments have been carried out to identify clean MILD combustion regions on a Tavg vs. 

KV plane since these two parameters represent the main operating parameters influencing the 

a) 

b) 

Exhausts outlet 
Air inlet nozzle 

Exhausts outlet 
Air inlet nozzle 
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achievement of clean MILD combustion conditions. Fig. 7 summarizes the experimental results in 

terms of clean MILD combustion regions for some kerosene-based blends. 

 

 

Figure 7. Experimental results for kerosene (a), kerosene:EtOH 50:50 vol. (b), kerosene:BuOH 

50:50 vol. (c), and kerosene:AmOH 50:50 vol. (d). Dashed lines represent the clean MILD 

combustion region boundaries. Empty symbols represent experimental conditions fulfilling the clean 

MILD combustion requirements. Full squares and full triangles represent experimental conditions 

exceeding NOx and CO threshold limits, respectively. 

 

The lower average furnace temperature boundary for the clean MILD combustion region, which is 

always identified by CO emissions larger than 50 ppm and corresponds to the beginning of the 

combustion extinction, is practically the same (equal to about 800°C) for all the investigated fuels. 

As previously discussed for the behavior of the NOx emission as a function of Kv, also in this case 

an increase of a few degrees of the average furnace temperature is enough to reduce the CO 

emissions close to zero, as shown in Fig. 8. This implies that also the effect of small variations of the 

c) d) 

a) b) 
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(arbitrary) CO threshold selected to define the boundaries of the MILD combustion region on a Tavg 

vs. KV plane is quite negligible, being this threshold always at about 800°C. 

On the contrary, the upper average furnace temperature boundary for the clean MILD combustion 

region increases almost linearly from Kv equal to about 1.5 up to Kv equal to about 4.5-5.5, where 

an almost constant value is reached. At higher Kv values the oxygen concentration is strongly 

reduced by the large exhausts recirculation and the NOx production is driven mainly by the furnace 

temperature.  

In any case, as shown for the sake of example by the NOx emissions trends reported in Fig. 8, for 

liquid fuels the role of the Prompt-NOx route is quite relevant. As a matter of fact, at moderate 

temperature values the measured NOx concentrations are definitely too high to be explained by the 

Thermal-NOx route alone. In fact, while the Thermal-NOx formation rate is highly dependent on the 

temperature and only to a less extent on the oxygen concentration3, Prompt-NOx can be produced by 

nitrogen and hydrocarbon radicals in the fuel-rich regions at temperature values as low as 1500°C52. 

 

Figure 8. CO and NOx emissions at 3% O2 excess in the dry exhausts as a function of the average 

furnace temperatures measured at different Kv for kerosene:BuOH 50:50 vol in the DN 

configuration.  

 

It should be noted that a lower vertical boundary for the dilution ratio was arbitrarily imposed at 

Kv=1.5 since it was not always possible, due to the experimental limitations of the laboratory-scale 
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burner, to characterize completely the combustion conditions in the low Kv region at the lower Tavg 

values.  

  

Figure 9. Comparison among the clean MILD combustion boundaries determined for kerosene and 

the 50:50 vol. kerosene-alcohol blends. 

 

As summarized in Fig. 9, a comparison among the clean MILD combustion regions on the Tavg vs. 

KV plane for the kerosene-alcohol blends confirms that the location ad extension of the clean MILD 

regions are only marginally influenced by the chemical composition of the liquid fuel blends. A 

stable clean MILD combustion can be realized with alcohol fuel blends at temperatures slightly 

higher than those found for kerosene for Kv<5, where the upper limits of the alcohol-containing 

mixtures is about 60°C higher than that of kerosene. However, this difference is close enough to the 

experimental uncertainties to conclude that MILD combustion conditions can be sustained almost in 

the same region for both hydrocarbons and hydrocarbons-alcohol blends, in spite of their different 

physical and chemical properties. In other words, MILD combustion evidences a great flexibility for 

what concern the fuel properties, leading to the conclusion that it is possible to realize a clean MILD 

combustion also for alcohol-containing fuel blends. 

 

4. Conclusions  
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In this work the sustainability of MILD combustion conditions for liquid hydrocarbons containing 

oxygenated species has been investigated using a DN laboratory-scale burner. It has been found that 

injecting a liquid fuel spray into a high velocity jet of preheated air allows to sustain MILD 

combustion conditions for several different liquid hydrocarbons-alcohol blends once a MILD 

combustion environment has been previously attained using a gaseous fuel. Moreover, the MILD 

combustion region in the usual Tavg vs. Kv plane was found to be marginally influenced by the 

chemical composition of the liquid fuel blend. In particular, the possibility to sustain stable clean 

MILD combustion conditions also at low Kv values was evidenced. In these conditions, very low 

emissions of NOx and CO, as well as of unburnt hydrocarbons, were measured. Therefore, it was 

proposed that furnaces operating in the MILD combustion conditions are characterized by a great 

flexibility in terms of fuel properties, thus supporting the conclusion that a MILD combustion burner 

can create a suitable environment for several pollutant depression also when different oxygenated 

species are present in relevant quantities, such as in many fossil fuel – biofuel blends. 
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