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Abstract
The auto-ignition characteristics of diethyl ether (DEE)/ethanol 
mixtures are investigated in compression ignition (CI) engines both 
numerically and experimentally. While DEE has a higher derived 
cetane number (DCN) of 139, ethanol exhibits poor ignition 
characteristics with a DCN of 8. DEE was used as an ignition 
promoter for the operation of ethanol in a CI engine. Mixtures of 
DEE and ethanol (DE), i.e., DE75 (75% DEE + 25% ethanol), DE50 
(50% DEE + 50% ethanol) and DE25 (25% DEE + 75% ethanol), 
were tested in a CI engine. While DE75 and DE50 auto-ignited at an 
inlet air pressure of 1.5 bar, DE25 failed to auto-ignite even at 
boosted pressure of 2 bar. The peak in-cylinder pressure for diesel 
and DE75 were comparable, while DE50 showed reduced peak 
in-cylinder pressure with delayed start of combustion (SOC). 
Numerical simulations were conducted to study the engine 
combustion characteristics of DE mixture. A comprehensive detailed 
chemical kinetic model was created to represent the combustion of 
DE mixtures. The detailed mechanism was then reduced using 
standard direct relation graph (DRG-X) method and coupled with 3D 
CFD code, CONVERGE, to simulate the experimental data. The 
simulation results showed that the effects of physical properties on 
DE50 combustion are negligible. Simulations of DE50 mixture 
revealed that the combustion is nearly homogenous, while diesel 
(n-heptane used as a surrogate) and DE75 showed similar combustion 
behavior with flame liftoff and diffusion controlled combustion. 
Diesel exhibited auto-ignition at an equivalence ratio of 2, while 
DE75 and DE50 showed auto-ignition in the equivalence ratio range 
of 1-1.5 and 0-1, respectively. The experiments and numerical 
simulations demonstrate how the high reactivity of DEE supports the 
auto-ignition of ethanol, while ethanol acts as a radical scavenger.

Introduction
Amongst several types of biofuels, ethanol has evolved as a suitable 
alternate fuel for engine applications [1, 2]. Ethanol, a bio-derived 
fuel, is a two carbon alcohol with amenable fuel properties [3, 4, 5] 
and there is an impetus to blend more ethanol into petroleum fuels. 
Its use is legislated in many countries under renewable fuel standards. 
Gasoline in the US has 10% ethanol and its use has become 
prevalent. The Environmental Protection Agency (EPA) has 
recommended E10 and E15 for automotive gasoline vehicles [6, 7]. 
The use of 85% ethanol with gasoline (E85) is available for flexible 
fuel vehicles (FFV) [8, 9].

While utilization of ethanol in spark ignition (SI) engines is 
widespread, it could be a fuel for compression ignition (CI) engines 
[10]. Since the cetane number of ethanol is low, the ignition 
characteristics of ethanol are poor and the use of ethanol in CI engine 
has many limitations [11]. In order to improve the ignition 
characteristics of ethanol in CI engines, it is used in blends with 
diesel. There have been a number of studies on the investigation of 
performance, combustion and emission characteristics of ethanol 
blended with diesel for CI engine [12, 13, 14, 15]. In summary, most 
research declares a significant reduction in gaseous emissions with an 
improvement in brake thermal efficiency (BTE) for ethanol in diesel. 
However, when the proportion of ethanol in diesel exceeds a certain 
limit, engine knock is observed due to longer ignition delay period 
[16]. For maximum use of ethanol in CI engine, a dual-fuel mode of 
operation may be used, wherein the less reactive fuel (ethanol) is 
injected in the port and high reactive fuel (diesel) is injected directly 
into the cylinder [17]. By adjusting the fuel injection timing, 
maximum amount of diesel can be replaced by ethanol [14]. With 
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regards to emissions, premixed combustion of ethanol amounts to 
increased CO and HC emissions, while NOX and smoke emissions 
are simultaneously reduced [18].

Investigation of ethanol in blend or dual fuel mode in CI engine is 
well established [17]. Attempts to use pure ethanol in CI engine by 
modifying the engine design have been made by several research 
groups [19, 20]. Under the homogeneous charge compression ignition 
(HCCI) mode, ethanol was port-injected by varying the intake air 
temperature from 120°C to 150°C at different equivalence ratios [21]. 
Besides HCCI operation, ethanol can also be used in CI engine under 
partially premixed compression ignition (PPCI) mode [22, 23]. 
Recently, Scania leveraged the benefits of ethanol by operating it in a 
CI engine under diesel like fuel injection conditions (Direct injection) 
at a higher compression ratio (CR) of 28 [24]. Even with this high 
CR, it was still necessary to add 5% of ignition promoters [25]. In 
another study, it was reported that 10% ignition promoter (glycerol 
ethoxylate) was required to improve the startup characteristics of the 
engine at a CR of 28 while using ethanol [26]. Thus, even with the 
engine modification, ignition promoters are required to facilitate the 
auto-ignition of ethanol in CI engine.

Ethers such as diethyl ether (DEE) and dimethyl ether (DME) are 
also considered as potential ignition promoters [27]. DEE is a liquid 
fuel and when compared to DME, fuel handling and storage are 
convenient [28]. DEE by itself is a fuel and could be blended in any 
proportion with ethanol unlike other ignition promoters. In this 
respect, Mack et al [29] utilized DEE as an ignition promoter for 
ethanol and the resultant DEE - ethanol (DE) mixtures was operated 
in HCCI mode. They demonstrated preferential combustion of DE 
mixture, as the reactivity of DEE is higher. The operation of DE 
mixture does not require engine modifications unlike other ignition 
promoters. As DEE can be easily produced from ethanol, these DE 
fuels for CI engine are essentially ethanol-derived fuels.

In this study, as a first step, we select the fuel as ethanol and the 
additive as the ether of ethanol, DEE. While the operation of DE 
mixtures in HCCI mode was studied, rare attention is paid to 
investigate the engine characteristics under direct injection mode. 
Therefore, an attempt has been made to study the auto-ignition 
characteristics of DE mixtures in a CI engine at diesel like fuel 
injection conditions, and the combustion results are compared with 
diesel. Further, to improve the fundamental understanding on spray 
and auto-ignition, numerical simulations of these DE mixtures were 
performed using a 3D CFD code, CONVERGE. A new chemical 
kinetic model for DEE and ethanol was developed with 
comprehensive low temperature chemistry for DEE. The developed 
model was reduced, and the reduced model was coupled with CFD 
code. Finally, the model was validated against engine experimental 
data and a better understanding on the evaporation and auto-ignition 
behavior of ethanol using DEE is presented.

Methodology

Test Fuels and Properties
The physical and thermal properties of DEE and ethanol are 
compared with US NO. 2 diesel in Table 1. DEE and ethanol have 
lower viscosity, boiling point and flash point than diesel. The higher 

cetane number of DEE shows that it may be used as a potential 
ignition promoter. On the other hand, the ignition characteristics of 
ethanol are poor; ethanol has a low cetane number. Also, the higher 
latent heat of vaporization of ethanol produces a charge cooling effect 
that further retards the ignition of ethanol.

Table 1. Chemical composition, thermo-physical and chemical properties of 
diesel, ethanol and diethyl ether

The extremely opposite nature of DEE and ethanol with respect to 
ignition are expected to counteract each other when they are blended 
to form DE mixture. For CI engine testing, DEE is blended to ethanol 
in following proportions: DE75 (75% DEE + 25% ethanol), DE50 
(50% DEE + 50% ethanol) and DE25 (25% DEE + 75% ethanol). 
The derived cetane number (DCN) of these mixtures is measured in 
an ignition quality tester (IQT) based on ASTM D6890. An IQT, a 
constant volume combustion chamber, was used to measure the 
ignition delay time for different fuels. From the measured ignition 
delay time, DCN was estimated using a standard correlation 
prescribed in the standard [31]. The measured DCN and other fuel 
properties for DE75, DE50 and DE25 are shown in Table 2.

Table 2. Fuel properties of DE75, DE50 and DE25

Engine Experimental Set Up and Arrangement
A single cylinder CI engine coupled with an eddy current 
dynamometer was used for testing DE mixtures. The detailed 
specifications of the engine are shown in Table 3. The electronic 
control unit (ECU) controls the amount of fuel to be injected, fuel 



injection timing, fuel injection pressure and valve timing. AVL Puma 
software aids in data acquisition and records engine parameters such 
as torque, IMEP, brake power, inlet manifold pressure and 
temperature, coolant and lubrication oil temperature. The fuel and 
airflow rate are measured using AVL735/753 fuel balance meter and 
air flow meter, respectively. A piezo electric pressure transducer fitted 
in the cylinder head measures the in-cylinder pressure through AVL 
indicom software. The pressure data was recorded for 300 cycles and 
the cycle that has its IMEP equal to the average IMEP, was chosen for 
combustion analysis. The recorded pressure signals were used for the 
estimation of other combustion parameters such as pressure rise rate, 
heat release rate and ignition delay. More details about the engine 
instrumentation can be found in Cha et al [32].

Experimental Methodology
In the past, DEE was added to vegetable oil and the resultant mixture 
was operated in a CI engine [33, 34]. When DEE was added to 
vegetable oil, the viscosity of the resultant blend was reduced and 
used as a drop-in fuel for diesel. Thus, operation of pure biofuel in CI 
engine was possible with obviously a few limitations, as CI engines 
are standardized for the operation of diesel. In the current study, DEE 
was used to support the auto-ignition of ethanol to enable 
compression ignition of ethanol in CI engine. DEE readily blended 
with ethanol and operation of pure biofuel in CI engine was realized. 
However, the highly reactive DEE damaged the fuel lines made of 
rubber and then the contaminated fuel clogged the fuel injector. After 
certain period of operation, the fuel injector could not inject DE 
mixtures into the cylinder and thus the engine stalled. To counteract 
this clogging problem, the rubber fuel lines from the tank through the 
filter and pump to common rail were replaced by Teflon tubing. The 
modification with the replacement of rubber fuel lines with Teflon 
tubing is straight forward and inexpensive

Both DEE and ethanol have lower viscosity than diesel and are 
generally categorized as light or thinner biofuels. Normally, use of 
less viscous fuels in CI engine is prone to cause injector leak or pump 
wear. When DE mixtures are used in CI engine under direct injection 
mode at a normal fuel injection timing of -20 crank angle degree 
(CAD), there could be pressure loss inside injector sac due to the 
injector back pressure. The injector suffered from back leakage and 
the fuel pump could not build the require pressure for normal engine 
operation. After a thorough analysis of the fuel injection system, the 
problem with injector backpressure was recognized. To prevent the 
above reported problem, the fuel injection system requires adequate 
lubrication. As such, 500ppm of Lubrizol 539M was added to DE 
mixtures before testing in CI engine and lubrication failure was 
averted, ensuring the normal operation of engine.

The DE mixtures were tested in the reported CI engine at a speed of 
1250 rpm under different loading conditions (IMEP = 1 to 6 bar) and 
the results are compared with diesel. The engine was operated at a fuel 
injection pressure of 300 bar and fuel injection timing of -20 CAD. 
Though the common rail fuel injection system can go up to 2000 bar, a 
low fuel injection pressure is maintained for the current study to enable 
the operation of less viscous fuels like DEE and ethanol. The inlet air 
pressure and temperature were maintained at 1.5 bar and 25°C, 
respectively, for all the engine experiments. All the measurements were 
done once the engine has attained a steady state condition.

Table 3. Single cylinder CI engine specifications

Computational Modeling

Chemical Kinetics
A chemical kinetic model for DE mixtures was developed for the 
improved understanding of ignition enhancers to ethanol. The model 
was built in a hierarchical manner [5] starting with the Aramco Mech 
1.3 C0-C4 base chemistry from Metcalfe et al. [35]. The ethanol 
sub-mechanism was updated with that of Mittal et al. [36]. When the 
Aramco Mech was combined with ethanol and DEE, predictions were 
far off. Satisfactory agreement was achieved with substantial low 
temperature chemical reaction additions to the comprehensive DEE 
sub-mechanism, as discussed below. Yasunaga et al. [37, 38] 
presented a DEE chemical kinetic model for high temperature 
pyrolysis and oxidation conditions. Werler et al. [39] later validated 
the model against high temperature shock tube measurements and 
made modifications to rates of hydrogen abstraction by HO2 radicals 
to better predict their data. The aforementioned experimental studies 
on DEE focused primarily on high temperature conditions (i.e., above 
1000 K). The DEE model was not validated under lower temperature 
conditions of relevance to CI engine ignition. Therefore, we started 
with the high temperature kinetic model from Yasunaga et al. [37, 38] 
with the modifications suggested by Werler et al. [39]. The low 
temperature reaction classes and related rate constants were added by 
analogy to the comprehensive di-butyl ether (DBE) kinetic model 
developed by Cai et al. [40]. The rate constants for the scission of CO 
bonds in ethanol and its radicals were adopted from the theoretical 
calculations of Al Rashidi et al. [41]. Finally, reactions between ethyl 
peroxy radicals and DEE were added, as these were cited as 
important in the DEE low temperature oxidation chemistry study by 
Di Tommaso et al. [42]. All simulations were performed with 
commercial software using the constant volume homogenous batch 
reactor model [43].

The newly developed chemical reaction mechanism for DEE and 
ethanol encompasses 1916 reactions and 348 species. In order to 
reduce the computational time, the developed mechanism was 
reduced using the method of direct relation graph with expert 



knowledge (DRG-X) [44]. This method is based on the observation 
that some species are weakly coupled to others and do not have 
significant roles in overall combustion processes, and thus they can 
be removed from the mechanism. However, unlike the original DRG 
method that is restricted by a uniform error tolerance for all species, 
DRG-X allows to separately control the errors for species of interest. 
Therefore, this method results in a smaller skeletal mechanism with 
similar chemical fidelity as compared to DRG method. In this work, 
the detailed mechanism is reduced by specifying the error tolerance 
for heat release as 0.2. The error tolerance for H, OH, and HO2 
radicals is 0.5, 0.3 and 0.5 respectively, while the default error 
tolerance for other species is 0.9. A skeletal mechanism with 88 
species and 470 reactions was generated.

Numerical Simulation
Numerical modeling was performed using CONVERGE, a 3D CFD 
code. Physical properties of DEE and ethanol such as surface tension, 
viscosity, density, enthalpy, critical temperature and boiling point as a 
function of temperature were incorporated to mimic the spray and 
evaporation of the fuel droplets. KH-RT spray model [45] was used 
to simulate the spray breakup process. The droplets were assumed to 
coalesce and disperse during the breakup processes. The Rosslin 
- Rammler cumulative probability distribution was used to determine 
the droplet distribution inside the computational domain and all the 
droplets were assumed to have spherical shape. The Frossling droplet 
evaporation correlation was used to account for the droplet 
evaporation [46], which uses the fuel properties at various 
temperatures. The Reynolds-averaged turbulence model (RANS) 
based on RNG k-epsilon was used to model the turbulence inside the 
domain. The SAGE multi-zone combustion model [47] was used to 
compute the chemical source terms by mapping the grid cells to the 
temperature bins of 5K and φ bins of 0.05 increments. Other physical 
sub-models follow the standard built-in capabilities in CONVERGE 
v2.3 [48]. The Chalmers University n-heptane reduced gas phase 
kinetics was used for diesel combustion [49].

The mesh used in the current study is shown in Figure 1. The base 
grid is the initial grid that is generated during the run time by 
CONVERGE. For the current simulation, a base grid size of 4mm 
was used in all three directions. Level 4 adaptive mesh refinement 
(AMR) was employed, which works based on the conditions 
provided to refine the grid. Herein, the grid was refined based on 
velocity and temperature changes inside the combustion domain. 
Further, level 4 nozzle embedding was provided to capture the near 
spray events with higher accuracy. The resulting cell size in all three 
directions is calculated based on the standard formulation (cell size = 
Base grid size/2n), where n is the level of refinement provided. The 
current value for base grid size and cell refinement was used after a 
thorough testing to provide grid-independent solution.

The fuel injection timing, fuel injection pressure and fueling quantity 
from the engine experimental study were given as input for the 
CONVERGE simulation. The desired inlet air pressure and 

temperature that enables auto ignition of DE mixtures are also 
provided as input parameters for the CONVERGE simulation. Further, 
all the engine simulations were performed for diesel and DE mixtures 
at an engine speed of 1250 rpm and IMEP of 4 bar. Initially, motored 
simulations were carried out and blow-by in the engine was accounted 
for by reducing the compression ratio from 17 to 16.6 based on the 
recommendations reported in [50]. The experimental motor pressure 
trace was first matched to get more reliable results, which were then 
coupled with spray and turbulence model in the present study

Figure 1. Mesh geometry of the computational domain used in the numerical 
study

Results and discussion

Experimental study of DE mixtures in a CI engine
Amongst the different DE mixtures, DCN of DE75 is higher than that 
of diesel, so that no boosted intake pressure was necessary for the 
operation of DE75 in a CI engine. However, the observed lower DCN 
for DE50 and DE25 would hinder their auto ignition. In this regard, 
the inlet air pressure (Pin) and temperature of the engine were 
increased from 1 bar to 2 bar and 25°C to 100°C, respectively, in 
steps of 0.5 bar and 25°C. From the CI engine experiments, auto-
ignition of DE25 was not realized for all Pin and temperature 
conditions under study. Similarly, the auto-ignition for DE50 was not 
possible at Pin = 1 bar, but stable combustion was attained at 1.5 bar 
at all temperatures. Therefore, combustion characteristics for DE50, 
DE75 and diesel were analyzed at the same operating conditions, i.e. 
Pin = 1.5 bar and temperature of 25°C.

The variation of in-cylinder pressure and heat release rate with 
respect to crank angle for DE mixtures are shown in Figure 2 and 3, 
respectively. Although diesel and DE75 auto-ignite at all ranges of 
fuel injection timings, DE50 attained stable combustion only at an 
advanced injection timing of -20 CAD due to its lower DCN. When 
diesel was operated at same fuel injection timing, the start of 
combustion (SOC) was advanced with a shorter ignition delay (8 
CAD), while ignition delay was longer for DE50 (23 CAD). 
Therefore, SOC for DE50 was after top dead center (TDC), and the 
peak in-cylinder pressure was observed to be lower. Furthermore, the 
pressure rise rate was lower for DE50 with a decrease in in-cylinder 
pressure by 25% compared to diesel and DE75.



Figure 2. In-cylinder pressure for DE mixtures at IMEP of 4bar

A higher quantity of fuel was required to achieve similar IMEP in the 
case of DE mixtures, which is attributable to the lower heating value 
of DEE and ethanol compared to diesel. In comparison, the maximum 
heat release rate is lower for DE50 not only due to its lower heating 
value but also due to its longer ignition delay. Although DEE has a 
higher DCN and reactivity, the addition of ethanol supresses DEE 
auto-ignition due to its radical scavenging effect; the higher latent 
heat of vaporization of ethanol further postpones the combustion of 
ethanol enriched mixtures. Furthermore, the lower viscosity of DE 
mixtures lowers its bulk modulus, which delays the start of dynamic 
fuel injection timing. Contrary to the expectations based solely on its 
high DCN, the start of combustion was delayed for DEE. For 
example, DCN of DE75 is higher than diesel, but its ignition delay is 
2 CAD later than diesel; this discrepancy is thus attributed to DE75’s 
delayed fuel injection timing. This finding is in agreement with 
Rakopoulos et al. [51], wherein delayed SOC was observed for 
mixtures of DEE and diesel. Finally, the combustion duration, which 
is defined as the crank angle interval between 10% and 90% of fuel 
burnt, for diesel, DE75 and DE50 was 5.3 CAD, 4.1 CAD and 9.3 
CAD, respectively. Thus, for the same fuel injection timing, 
combustion duration is slightly shorter for DE75 compared to diesel 
and it is longer for DE50.

Figure 3. Heat release rate for DE mixtures at IMEP of 4 bar

Direct injection of DE mixtures in CI engine has not been explored 
before and this study has initiated an investigation on it. The lower 
vapor pressure of DEE is likely to cause vapor lock in fuel pumps 

(cavitation) and thus, new modified fuel injection system can be 
developed. In addition, this study reports the effect of highly reactive 
DEE on fuel lines and the inference of injector blocking clearly 
demonstrates it. Storing DEE in fuel tank could pose a problem and 
therefore, the stability of DE mixtures in tank has to be investigated 
in the future.

Numerical Simulations of DE Mixtures in CI Engine
To understand the behavior of DE mixture in CI engine and better 
explore the auto-ignition characteristics, a computational study was 
performed in addition to experimental investigation. The numerical 
results were compared with the experimental results to validate the 
accuracy of the developed model. Figure 4 shows the comparison of 
in-cylinder pressure trace from engine experiment and numerical 
simulation for DE mixtures. Diesel and DE75 have similar pressure 
curves and were anticipated to have same behavior inside the 
cylinder, which will be discussed later with spatial visualization of 
the combustion domain. The peak pressure, ignition delay and SOC 
of all DE mixtures match well with the experimental data. Thus, the 
inclusion of low temperature chemistry for DEE has captured the 
combustion phenomenon in CI engine, validating the numerical 
approach. Carbon attached to oxygen in DEE is loosely bonded and 
this leads to effective H abstraction; subsequent bimolecular reactions 
with O2 and intramolecular hydrogen migrations reactions eventually 
lead to the formation of highly reactive chain branching intermediates 
(peroxides). However, when the proportion of ethanol in DE mixture 
is higher, the radical formation via chain branching is suppressed due 
to scavenging effect by ethanol and this is reflected in the simulation 
results. Even in the numerical study, auto-ignition of DE25 could not 
be achieved, consistent with the experimental findings.

Figure 4. Comparison of experimental and numerical in-cylinder pressure curve 
for diesel, DE75 and DE50 at an engine speed of 1250 rpm and IMEP = 4 bar



In addition to the chemical kinetics, the combustion behavior for DE 
mixtures is analyzed in terms of the physical property effects of the 
fuels. Since both DEE and ethanol have properties that are different 
from conventional diesel, it is rational to examine the spray and 
evaporation characteristics that precede combustion. The 
macroscopic spray behavior of different test fuels is investigated by 
analyzing the spray pattern from one nozzle tip. The distance from 
the nozzle tip until the portion of spray where it fades is regarded as 
spray tip penetration. Diesel has a longer spray tip penetration than 
other test fuels, which is obvious from Figure 5. Since diesel has a 
higher viscosity than DEE and ethanol, diesel forms larger droplets. 
With increased momentum for larger liquid droplet, the spray tip 
penetration is higher for diesel. On the other hand, DEE and ethanol 
are dispersed finer and the droplets formed are believed to be smaller. 
Therefore, the spray tip penetration for DE mixtures is shorter than 
diesel. These findings are consistent with previous studies with 
biodiesel and alcohol fuels [52, 53].

Figure 5. Spray tip penetration length for diesel, DE75 and DE50

The evaporation of fuel plays a major role in determining the 
accuracy of the simulation. The evaporation characteristics of 
different test fuels are elucidated from the plot of the vapor mass with 
respect to crank angle (Figure 6). At -15 CAD, the total vapor mass 
of diesel is 5.1 mg, DE75 is 4.4 mg and DE50 is 4.2 mg. The lower 
viscosity and boiling point of DEE and ethanol than diesel, is 
expected to increase the vapor mass for DE mixtures. However, the 
vapor mass is lower for DE mixtures as the heat of vaporization of 
ethanol is higher.

Figure 6. Vapor mass present in the combustion domain for diesel, DE75 and 
DE50

Due to different reactivity of diesel, DEE and ethanol, SOC is 
different for all test fuels and this further affects the vapor mass 
present in the combustion domain. The total vapor mass of DE50 is 
higher among all test fuels. DEE and ethanol have lower heating 
value; in order to produce same IMEP (4 bar), more amount of fuel is 
injected and thus the vapor mass is higher for DE50 than diesel. For 
diesel, the vapor mass spans from the point of fuel injection (-20 
CAD) to -8 CAD, which is 4 CAD after SOC. On the other hand, 
DE50 still remains in vapor state at the same crank angle position, as 
the quantity of fuel injected is more and DCN is lower. The DE50 
mixture ignited later, and thus more homogenous combustion is 
expected. DE75 shows comparable vapor fraction with diesel despite 
its lower heating value, as it ignites earlier due to its higher DCN. To 
better assess the vapor distribution in combustion domain, the vapor 
fraction contour at different stages of fuel evaporation and 
combustion is shown in Figure 7.

Mack et al [29] examined DEE and ethanol mixtures in a HCCI 
engine and reported that the combustion of DEE precedes that of 
ethanol due to the high reactivity of DEE. However, since only the 
HCCI combustion mode is considered in their study, the investigation 
of spray and evaporation of these fuels was not accounted for. In this 
study, since DE mixtures were injected directly into the cylinder, the 
fuel spray and evaporation would likely affect the combustion. In a 
measure to understand this phenomenon, the vapor mass fraction of 
DE50 was considered. The individual vapor fraction of DEE and 
ethanol present in the combustion domain was estimated for DE50 
mixture and shown in Figure 8.

Figure 8. Individual vapor fraction of DEE and ethanol present in the 
combustion domain for DE50

Immediately after the start of fuel injection, the vapor mass fraction 
of both DEE and ethanol are observed to be same. The vapor mass of 
DEE and ethanol in DE50 at -15 CAD was 2 mg and 2.2 mg, and 5.6 
mg and 5.9 mg at 0 CAD, respectively. Both ethanol and DEE 
evaporate at the same time and the formation of combustible air/fuel 
mixture follows. At the point of fuel injection, the temperature inside 
the combustion chamber is higher than the boiling point of both DEE 
and ethanol, so that both the fuel evaporates simultaneously. For 
better understanding of this behavior, the individual vapor mass 
fraction contour of DEE and ethanol, in DE50, is examined. The 
vapor mass fraction contour also show a similar distribution of both 
DEE and ethanol in DE50. This result implies that physical properties 
has little influence on the combustion for DE mixtures, and the 
auto-ignition of DE mixtures is mainly determined by the chemical 



kinetics. The chemical reactivity is more pronounced for DEE due to 
its higher DCN, but ethanol suppresses auto-ignition of the bulk 
mixture due to its radical scavenging effect.

Volume rendering of in-cylinder temperature for all test fuels at SOC 
is shown in Figure 9. It indicates that lifted flame is observed for 
diesel and DE75, whereas no lifted flame is observed for DE50. 

Diffusion flames are clearly visible for diesel with a lift off length, 
whereas the flame is very close to the injection location for DE75 
with smaller lift off length. Spray combustion is evident for diesel 
and DE75, whereas DE50 show near homogeneous or stratified 
combustion. Thus, it can be hypothesized here that diesel and DE75 
will have similar combustion characteristics, while DE50 is different.

Figure 7. Vapor mass distribution inside the combustion domain at various crank angle for Diesel, DE75 and DE50

Figure 9. Volume rendering of in-cylinder temperature at SOC for different DE mixtures from piston bottom view



Figure 10. Temperature and φ distribution cut-plane at SOC inside the domain with spray parcels in iso-metric view

Figure 11. T-φ map of the cylinder at SOC colored with OH mass fraction

The temperature for all fuel is higher near the nozzle tip and as 
combustion progresses; higher temperature spreads towards the 
periphery. When the proportion of ethanol in DE mixture is 
increased, the in-cylinder temperature is decreased and this is 
attributed to the higher latent heat of vaporization of ethanol. The 
temperature distribution obtained for DE50 are lower when 
compared to diesel and DE75. The equivalence ratio (φ) 
distribution is also examined to understand mixture distribution in 
combustion chamber. Equivalence ratio distribution inside the 
combustion domain for diesel reflects richer pockets compared to 
DE75, as seen from Figure 10. Although the ignition delay for 
diesel and DE75 are nearly the same, DE75 is leaner than diesel 
due to the fuel-bound oxygen within DEE and ethanol. The mixture 
tends to be leaner for DE50 and longer ignition delay further 
enhances the mixing. Thus, DE50 has nearly homogeneous mixing 
inside the cylinder domain, leading to HCCI/stratified type of 
combustion with lower temperature.

Figure 12. Volume and Φ histogram of bin width 0.1

The temperature and equivalence ratio distribution with OH mass 
fraction is plotted to further understand the combustion behavior of DE 
mixtures, as shown in Figure 11. Diesel shows ignition at φ = 1.2 to 2 



(rich region) while DE75 show ignition at φ = 1 to 1.5 (stoichiometry 
region). DE50 is different from diesel and DE75 in that ignition occurs 
at φ = 0.2 to 0.5 (lean region), which shows that the mixture is lean 
overall and the combustion is similar to HCCI combustion. The 
equivalence ratio at start of ignition tends to decrease with the increase 
in proportion of ethanol in DEE and DE50 mixture turns lean to attain 
homogenous type of combustion. To verify the argument of HCCI or 
stratified type of combustion for DE50 mixture, the equivalence ratio 
distribution with volume at a bin width of 0.1 was plotted and shown in 
Figure 12. DE50 showed lean combustion behavior and more volume 
is accounted for φ between 0.2 and 0.5. Ignition occurs for DE75 in φ 
range from 1 to 1.5, which is near stoichiometric. Ignition is triggered 
for diesel in φ range from 1.2 to 2, which is obviously richer. The spray 
development process is gradual for DE mixtures, due to the lower 
viscosity, as evident from the spray tip penetration (Figure 5). Since 
spray advancement is less pronounced, air entrainment is reduced and 
the mixture is leaner for DE mixtures.

Conclusions
DEE, easily derived from ethanol, was used as a DCN improver for 
ethanol to promote auto-ignition in CI engine. DE mixtures were 
operated in a CI engine under diesel like fuel injection conditions 
(fuel injection timing = -20 CAD). DE75 readily auto-ignited at 
ambient conditions like diesel, while DE50 ignited at an inlet air 
pressure of 1.5 bar. On the other hand, DE25 never showed auto-
ignition at any range of inlet air pressure and temperature. From CI 
engine study, SOC for diesel and DE75 were comparable, while SOC 
was delayed for DE50. The peak in-cylinder pressure for diesel and 
DE75 were closer, whereas, there was 25% reduction for DE50 
compared to diesel. The high reactivity of DEE supports the ignition 
of ethanol, while ethanol suppressed the auto-ignition of DEE due to 
its radical scavenging effect.

The physical and chemical effects on compression ignition of ethanol 
by DEE were further investigated by numerical simulations using 
CONVERGE. A combined mechanism for DEE and ethanol that 
captures the low temperature chemistry of DEE was developed. The 
developed model was reduced and validated against the engine 
experimental data. DE50 remained in vapor state from the point of 
fuel injection (-20 CAD) to 12 CAD due to its lower DCN, while 
DE75 and diesel ignites earlier so that the vapor mass is zero before 
TDC. It was found that DEE and ethanol evaporate simultaneously in 
DE mixtures and therefore, chemical effects dominate the 
combustion. Diffusion combustion was evident for diesel; the 
temperature inside the combustion domain for diesel and DE75 were 
similar. Diesel ignited at φ range between 1.2 and 2 (rich region), 
while DE75 ignited in the φ range between 1 and 1.5 (stoichiometry 
region). However, DE50 ignited at φ range between 0.2 and 0.5 (lean 
region) and the longer ignition delay due to chemical effects 
improved the fuel/air mixing process so as to decrease the average 
in-cylinder temperature. Thus, DE50 approached HCCI or PPCI at 
diesel like fuel injection conditions, which is remarkable.

Since DEE is a less viscous fuel with a higher vapor pressure, the fuel 
injection pressure was maintained at 300 bar in the current study. 
However, to operate DE mixtures in modern CI engine, the fuel 
injection pressure would be higher, which would impose certain 

problems related to cavitation. As such, the fuel injection system has 
to be changed accordingly. DME (dimethyl ether) injectors are 
available in the market to enable operation of DME in CI engines. 
Along the same lines, modification of fuel injection equipment for 
DEE could be pursued in the near future. Also, the effect of high 
reactivity of DEE on fuel storage and stability should be investigated. 
The present study initially focused on exploring the auto ignition of 
DE mixtures in an engine, and in the future, comprehensive 
fundamental and applied studies measuring other combustion 
characteristics should be performed.
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