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Abstract: Wet ethanol is a biofuel that can be rapidly integrated into the existing transportation
sector infrastructure and have an immediate impact on decarbonization. Compared to conventional
hydrocarbon fuels, wet ethanol has unique fuel properties (e.g., short carbon chain, oxygenated, high
heat of vaporization, no cool-flame reactivity), which can actually improve the efficiency and engine-
out emissions of internal combustion engines while decarbonizing. In this work, wet ethanol 80 (80%
ethanol, 20% water by mass) was experimentally studied at high loads under boosted conditions
in compression ignition to study the tradeoffs in efficiency and emissions based on boosting and
injection strategies. Specifically, this work explores the potential of adding a third, mixing-controlled
injection at high loads. The results indicate that adding a third, mixing-controlled injection results in
combustion stabilization at high loads, where the peak pressure limit of the engine is a constraint
that requires combustion phasing to retard. However, since the heat of vaporization of wet ethanol
80 is ~6% of its lower heating value, evaporation of fuel injected near top dead center imposes a
thermodynamic efficiency penalty by absorbing heat from the working fluid at a time in the cycle
when adding heat produces net work out. Additionally, the mixing-controlled injection increases NOx
emissions. Therefore, the amount of fuel injected in the mixing-controlled injection should be limited
to only what is necessary to stabilize combustion. Ultimately, by using wet ethanol 80 in a triple
injection strategy, a load of 22 bar IMEPn is achieved with a net fuel conversion efficiency of 42.2%, an
engine-out indicated specific emissions of NOx of 1.3 g/kWh, and no measurable particulate matter,
while maintaining a peak cylinder pressure below 150 bar.

Keywords: ethanol; wet ethanol; compression ignition; advanced compression ignition; biofuel

1. Introduction

The production and combustion of a biofuel is considered part of the fast-carbon cycle,
i.e., the carbon dioxide emissions produced from burning a biofuel were originally absorbed
by the plants that produced the biofuel. In this way, a biofuel can be carbon-neutral,
provided the production can be done responsibly. Although biofuels are not currently
carbon-neutral, they currently have a significantly lower carbon intensity compared to fossil
fuels and their carbon intensity can be lowered further in the near future as scale increases
and technology matures [1]. As such, biofuels show promise as part of a renewable fuel
economy to replace fossil fuels in the transportation sector [2], resulting in a sustainable
and affordable future transportation solution for the developing and developed parts of
the world.

Ethanol is a biofuel that warrants serious consideration as a leading renewable fuel. In
order for a renewable fuel to be rapidly integrated into the existing transportation sector,
it needs a mature production infrastructure and must function as a drop-in replacement
for conventional fuels so that it can be used in existing vehicles with minor hardware
modifications, at most. In a landscape of potential renewable fuels that includes green
natural gas, hydrogen, ammonia, and synthetic hydrocarbons, alcohols like ethanol stand
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out for a number of reasons. Ethanol is a liquid, is relatively non-toxic, and is of only
moderate corrosiveness. Currently, ethanol is produced in large quantities from corn in the
US and sugarcane in Brazil. Valid concerns over scaling these production infrastructures
can be addressed in a number of ways: increasing crop utilization by using cellulose [3],
decreasing fertilizer requirements by using crops that fix their own nitrogen [4], using
underutilized resources like municipal waste [5], and algal farming [6]. The fermentation
process also produces a stream of pure carbon dioxide, a resource quickly increasing in
value as it is required to produce many e-fuels like methanol or synthetic hydrocarbons.

In the US, ethanol is typically blended into gasoline at 10% volume to both increase
the biofuel content of the fuel and serve as an octane booster [7]. Ethanol is a very effective
octane booster, specifically for boosted spark ignition engines [8]. Increasing the fraction
of ethanol in gasoline would be a synergetic improvement to spark ignition engines by
increasing the biofuel content of gasoline while also improving efficiency by enabling more
spark advance and a higher compression ratio operation [9]. In order to blend ethanol in
gasoline, water must be removed from the product of fermentation, which consists of ~13%
ethanol in water. This water removal process is highly nonlinear in energy consumption
and impacts the lifecycle efficiency of ethanol as an alternative fuel. If ethanol were to
be used on its own as a single fuel instead of being blended with hydrocarbons that are
not miscible with water, the water removal process could be truncated and the lifecycle
efficiency could improve [10].

Ethanol forms an azeotrope with water at a concentration of 92.3% mass in water. Wa-
ter removal beyond this azeotropic limit requires a mechanism transition from distillation
to dehydration, which incurs a significant increase in complexity and energy consumption.
In Brazil, azeotropic ethanol, also known as hydrous ethanol, is used in spark ignition
engines to save some of the energy required to remove the water and improve the lifecycle
efficiency of ethanol production [11]. If the water removal process were truncated earlier,
wet ethanol, a pre-azeotropic blend of ethanol and water, can be directly used, which would
save even more of the energy required to produce ethanol, thereby further improving the
lifecycle carbon intensity of ethanol.

First-generation kinetically-controlled combustion strategies like homogeneous charge
compression ignition (HCCI) demonstrated high-efficiency operation with near-zero NOx
and particulate matter (PM) emissions [12]. Wet ethanol can be effectively employed in
HCCI [13–15]. The heat release process in HCCI is dictated by natural thermal stratification
formed from heat transfer during the compression stroke whereby the hottest regions in
the cylinder achieve autoignition first, release their heat and further compress and heat
the remaining colder regions in the cylinder, resulting in their autoignition. This process
is called sequential autoignition and is a positive feedback process whose strength is a
function of the thermal stratification level and the specific fuel-based energy density in
the cylinder (i.e., equivalence ratio). As such, high-load operation of HCCI is limited by
energy release rates that require excessive boosting and/or EGR to suppress. Researchers
have used fuels with cool-flame reactivity to control the heat release process of kinetics-
driven combustion via fuel stratification [16]. While effective, this approach requires fuels
with high levels of cool-flame reactivity, and also requires sophisticated control strategies,
since the cool-flame reactivity level of a fuel is highly sensitive to operating conditions
such as temperature and boost level [17]. This difficulty has resulted in research focusing
heavily on designer fuels [18] or relying on mixing-controlled combustion for compression
ignition [19,20].

In advanced compression ignition (ACI) engines, wet ethanol has demonstrated the
ability to enable kinetically-controlled combustion strategies with high controllability, high
efficiency, and low criteria pollutants [21]. Wet ethanol has a high cooling potential due to
its high heat of vaporization and low stoichiometric air-fuel ratio compared to traditional
hydrocarbons [22]. Additionally, ethanol is a single-stage ignition fuel under all engine
relevant operating conditions, including high-boost operation [23,24]. This makes wet
ethanol and other wet, low carbon number alcohol fuels uniquely suited to enable highly
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controllable kinetically-controlled combustion [22]. The unique fuel properties of wet
ethanol allow it to enable control of kinetics-driven combustion that is not highly sensitive
to operating conditions. When wet ethanol is injected during the compression stroke, the
areas targeted by the spray are cooled by evaporation, resulting in an increase in thermal
stratification. This slows the positive feedback process of sequential autoignition, lowering
energy release rates to levels that are safe for engine health.

Previous work by the authors outline the effectiveness of wet ethanol in kinetically-
controlled combustion using a split injection strategy, naming the strategy thermally strati-
fied compression ignition (TSCI) [21]. The majority of the fuel is injected during the intake
stroke to premix with the incoming air. A second injection delivers the remaining fuel
during the middle of the compression stroke. The injection timing of both injections as
well as the split fraction between the two injections have proven to be effective control
knobs over the start and rate of combustion [25,26]. Previous work also showed that this
strategy works best when coupled with an injector that can aim the compression stroke
injection towards regions in the combustion chamber that have the highest local relative
heat transfer rates, e.g., a wide spray angle aiming towards the squish region [27]. This
allows the evaporative cooling to work with the natural thermal stratification, rather than
against it, minimizing the required stratification and thereby minimizing NOx formation.

A solution to the control problem of kinetically-controlled combustion with gasoline
is to employ a triple injection strategy, where the first injection premixes the fuel and air,
the second injection partially premixes the fuel and air, and the third injection results in
a mixing-controlled combustion phase of the heat release process, i.e., a diffusion flame
normally associated with conventional diesel combustion or mixing-controlled compression
ignition (MCCI) [28]. Some strategies eliminate the premixed injection altogether and focus
on partially premixed and diffusion injections. In some sense, all advanced compression
ignition strategies can be thought of as some combination of one or more of these three
types of injections with the caveat that some strategies use multiple injections in the
same category [29]. So, while wet ethanol does not require the “third” mixing-controlled
injection, adding a mixing-controlled phase at very high loads is an available tool that has
not been explored.

A significant amount of previous work involving ethanol considers either blending
neat ethanol with diesel [30] or using neat ethanol with diesel in a dual-fuel applica-
tion [31,32]. This work focuses on experimentally demonstrating high load operation of
compression ignition with wet ethanol 80 (80% ethanol, 20% water, by mass) in a direct
manner. Previous work demonstrated ACI of wet ethanol 80 up to a load of 8 bar net
indicated mean effective pressure (IMEPn) [21]. Therefore, the goal of this study is to
explore strategies to extend the load range further such that the full load range of spark
ignition or diesel combustion can be covered with wet ethanol compression ignition. Two
loads were studied in detail: 10 bar and 16 bar IMEPn. At 10 bar IMEPn, experiments were
designed to answer questions related to emissions and efficiency tradeoffs of boost level
on purely kinetically-controlled combustion with wet ethanol. At 16 bar IMEPn, the peak
pressure limit of the engine was approached, and the addition of a third, mixing-controlled
injection was studied. In this study, experiments and 0-D thermodynamic engine mod-
eling were used together to gain an understanding of the thermodynamic effects of this
mixing-controlled injection on the cycle. Finally, a load sweep is performed, demonstrating
operating loads of up to 22 bar IMEPn with wet ethanol 80 in compression ignition, which
constitutes the full operation range of modern spark ignition or diesel engines.

2. Methodology
2.1. Experimental Setup

The experiments performed in this work were conducted on a single-cylinder research
engine consisting of a 4-cylinder production GM engine head, with one cylinder fully
instrumented and mounted on an FEV engine block. The remaining three cylinders were
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deactivated. The piston has a shallow toroidal bowl geometry and the injector included
angle is 150 degrees. Details on the engine geometry and valve timing are shown in Table 1.

Table 1. Engine geometry and valve timings.

Engine Displacement [cc] 423

Compression Ratio [-] 16.0
Stroke [mm] 80.1
Bore [mm] 82.0

Connecting Rod Length [mm] 152.4
IVO [deg aTDC] 360
IVC [deg aTDC] −150
EVO [deg aTDC] 145
EVC [deg aTDC] 360

A diesel common rail fuel system with a Bosch CP3 pump and a Delphi solenoid-style
injector was used. The fuel studied in this work, wet ethanol 80, has a lower lubricity than
diesel. Therefore, a lubricity additive (Infineum R655) was blended at a concentration of
~0.05% mass. Previous work with wet ethanol 80 showed that lubricity additive at this
concentration did not have an appreciable effect on kinetically-controlled combustion [21].

Data acquisition and engine control were handled using a custom-built LabVIEW code.
Low-speed data acquisition of pressure, temperature, flowrates, and emissions data were
recorded at 1 Hz. A Horiba MEXA 7100-DEGR measured 5-gas emissions in the exhaust
and CO2 concentration in the intake. The flame ionization detector that measures unburned
hydrocarbon (uHC) concentration has a reduced sensitivity to oxygenated organic species.
As a result, the measured unburned hydrocarbons are corrected by multiplying by a factor
of 1.25 [33]. A Kistler encoder mounted on the crankshaft was used to synchronize crank-
angle-resolved measurements of the cylinder, intake manifold, exhaust manifold, and
common rail pressure with a resolution of 0.1 degrees. An image of the test cell is shown
in Figure 1.
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At each operating condition, 300 consecutive cycles were recorded in steady-state
operation. A custom MATLAB code was used to process the data, including a statistical-
based uncertainty analysis [34]. This uncertainty analysis propagates uncertainty with a
confidence interval of 95% using the following equation at each step of data processing:

σ2
z =

n

∑
i=1

∂z2
xi

σ2
xi
+ 2

n−1

∑
i=1

n

∑
j=i+1

∂zxi ∂zxj σxixj + σ2
z,meas + σ2

z,instr (1)

where ∂zxi is the sensitivity coefficient of z to xi (which is the partial derivative of z with
respect to xi), σz,meas is the measurement uncertainty of z, and σz,instr is the instrument
uncertainty of z. The uncertainty of parameters related to crank-angle-resolved data,
such as CA50 (crank angle location of 50% mass fraction burned), are calculated for each
individual cycle and then are reported on a 300-cycle average, since it is the “uncertainty in
the next 300 cycles” that is of interest.

The following set of equations define performance parameters used in this work:

• The net fuel conversion efficiency (NFCE) is defined as the work output of the cycle
divided by the total fuel energy input, given by the following equation:

NFCE =

∫ 360
−360 PdV

m f uelQLHV
(2)

• The gross fuel conversion efficiency (GFCE) is defined as the work output of the
compression and expansion strokes divided by the total fuel energy input, given by
the following equation:

GFCE =

∫ 180
−180 PdV

m f uelQLHV
(3)

• The combustion efficiency is defined as the total fuel heat release divided by the total
fuel energy input, calculated using measurements from the emissions analyzer and
given by the following equation:

Comb. E f f . = 1− ∑ mi QLHV, i

m f uelQLHV
(4)

where mi and QLHV, i are the mass and lower heating value of unburned species, respectively.

• The net or gross thermal efficiencies (N/GTE) are defined as the work output of the
either the total cycle or the compression and expansion strokes divided by the total
fuel heat release, since the fuel heat release is the energy that is added specifically
to the thermodynamic cycle. Therefore, the N/GTE is the N/GFCE divided by the
combustion efficiency:

N/GTE =
N/GFCE

Comb E f f .
(5)

• The indicated specific emissions (IS) of a species, x, is defined as the mass flowrate of
x in the exhaust divided by indicated power output of the engine:

IS x =

.
mx

Ind. Power
(6)

These definitions can be found in Heywood [35]. In the following experiments, the
engine speed was held constant at 1500 rpm and the common rail pressure was held
constant at 1000 bar.
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2.2. Thermodynamic Model

A 0-D thermodynamic engine model was used to further understand some of the
experimental results shown below. The engine geometry and valve timings in the model
are identical to the experimental engine studied. The state of the cylinder is solved at each
time step using the specific volume and the specific energy. The specific volume is the
volume of the cylinder divided by the mass in the cylinder. The total mass in the cylinder
at each time step is found using conservation of mass, accounting for mass flow in and
out of the cylinder, which are calculated using the equations of compressible flow through
an orifice found in Heywood [35], fuel injection where applicable, and crevice flow. The
equations of compressible flow through an orifice are:

.
m =

CD AR p0√
RT0

(
pT
p0

)1/γ
{

2γ

γ− 1

[
1−

(
pT
p0

)(γ−1)/γ
]}1/2

(7)

where
.

m is the mass flow, CD is the discharge coefficient, AR is the area of the orifice, P0 is
the upstream stagnation pressure, R is the universal gas constant divided by the molecular
weight of the gas, T0 is the upstream stagnation temperature, PT is the throat pressure
(assumed to be equal to the downstream pressure), and γ is the ratio of specific heats. When
the flow is choked, i.e., when the pressure ratio satisfies:

pT
p0
≤
(

2
γ + 1

)γ/(γ−1)
(8)

Equation (7) can be simplified to:

.
m =

CD AR p0√
RT0

√
γ

(
2

γ + 1

)(γ+1)/2(γ−1)
(9)

The crevice was modeled as an isothermal constant volume chamber. This is justified
due to the very high surface-to-volume ratio of the crevice. The crevice mass flow can be
calculated using compressible gas flow equations or with a 0-D approximation, considering
the pressure in the crevice volume equals the pressure of the combustion chamber. If the
latter assumption is made, the following equation for crevice mass flow can be derived
from the ideal gas equation:

dmcr,i =
dPiVcr

RTcr
(10)

where the crevice temperature is some value equal to, or slightly higher than, the wall temperature.
The specific energy is the internal energy of the cylinder divided by the mass in the

cylinder. The internal energy is calculated using the first law of thermodynamics for an
open system, i.e., conservation of energy, accounting for enthalpy flow from mass transfer,
compression and expansion work, heat transfer, evaporative cooling from injected fuel,
and heat release from combustion. The crevice heat flow is given by the following equation,
consistent with Heywood [35]:

.
Qcr, i = dmcr,i

(
h′i − ui + cv,iTBulk,i

)
(11)

where dmcr,i is the crevice mass flow, ui is the internal energy of the cylinder gas, and h′i
is the enthalpy of either the cylinder gas, when the crevice mass flow travels from the
cylinder to the crevice, or the crevice gas, when the crevice mass flow travels from the
crevice to the cylinder. In this work, the heat release from combustion was prescribed by
experimental data. Using the thermodynamic state, mixture properties were determined
using the ideal gas equation and the NASA polynomials [36], considering a six species
gas: Ethanol, O2, N2, CO2, H2O, and Ar. More information on this thermodynamic model,
including validation techniques, are given in Ref. [26].
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3. Results
3.1. 10 Bar IMEPn

In a kinetically-controlled combustion strategy, like HCCI, the highest load achievable
that is naturally aspirated is limited by a maximum energy release rate or ringing threshold.
Ethanol, as a single-stage ignition fuel, does not significantly change reactivity with boost
level, meaning that load extension can be achieved through boosting [37]. The high cooling
potential of ethanol or wet ethanol also enables stratified kinetically-controlled combustion,
where energy release rates are slowed as evaporation-driven thermal stratification increases.
Thus, there are two avenues of achieving high load kinetically-controlled combustion with
wet ethanol. One clear limitation of the former method is that the peak in-cylinder pressure
will rise more rapidly. Additionally, the necessity to keep in-cylinder energy density
low will result in low exhaust temperatures that will tax a boost system that already
faces a challenge in providing the necessary boost level for engine health. However, the
requirement to keep in-cylinder energy density low also results in high thermal efficiency
and low thermal NOx production. The introduction of fuel stratification to elongate the
heat release process and increase the load without boosting further will increase the global
equivalence ratio, which is detrimental to efficiency, and produces regions in the cylinder
of high thermal NOx forming potential. EGR can be added to the cylinder to help decrease
thermal NOx formation, but this can also be detrimental to efficiency.

To illustrate the tradeoffs that exist here, four cases were compared, one HCCI case
and three stratified cases, whose operating conditions are outlined in Table 2. The four
cases studied have a load of 10 bar IMEPn and the back pressure was set such that the sim-
ulated turbocharger efficiency is 50%, assuming a compressor efficiency of 70%. Indicated
performance and emissions results of these four cases are shown in Table 3. In this work,
the intake and exhaust pressures were reported on an absolute basis. A brief description of
the four cases is as follows:

• Case 1: An HCCI case with an intake pressure of 1.92 bar, such that HCCI combustion
could be achieved with a maximum pressure rise rate below 10 bar/deg;

• Case 2: A stratified case where 20% of the fuel is now injected during the compression
stroke to elongate the combustion process. The intake pressure is set to 1.65 bar to
achieve a similar MPRR as Case 1 with a slightly lower EGR level;

• Case 3: Similar operating conditions to Case 2 with an increase in EGR to reduce
NOx emissions;

• Case 4: Identical injection strategy to Case 2 and Case 3, where EGR and boost level
are tuned to achieve similar engine-out NOx emissions as Case 1.

In Case 1, where a single injection at−350 deg aTDC is used, lean, premixed operation
results in low engine-out NOx, with an IS NOx of 0.2 g/kWh. In Case 2, as expected, the
NOx production increased significantly to 1.4 g/kWh. The net fuel conversion efficiency
of Case 1 and Case 2 were roughly identical, though they achieved this differently. Being
richer, the combustion efficiency of Case 2 was ~0.4 percentage points higher than Case 1,
since the higher cylinder energy content of Case 2 increased the effectiveness of sequential
autoignition. However, a richer charge and hotter in-cylinder temperatures both have a
negative impact on the thermal efficiency of the cycle. The gross thermal efficiency of Case
2 was ~1.4 percentage points lower than Case 1. While this is significant, the lower exhaust
enthalpy and higher boost requirement of Case 1 results in significantly more pumping
losses than Case 2, ultimately lowering the difference in the net thermal efficiency of the
two cases to 0.2 percentage points in favor of Case 1. The exhaust pressure is nearly 0.5 bar
higher for Case 1 than it is for Case 2, which puts increased strain on the exhaust system
to seal properly as load increases. It should be noted that the assumption of a constant
turbocharger efficiency of 50% has a significant impact on this analysis since the difference
in pumping losses between the two cases is large.
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Table 2. Intake and exhaust pressure (absolute), start of injection (SOI) 1 and SOI 2, and exhaust gas
recirculation (EGR) of a four-case comparison.

Case 1 Case 2 Case 3 Case 4

Intake Pressure [bar] 1.92 ± 0.02 1.66 ± 0.02 1.67 ± 0.02 1.80 ± 0.02
Exhaust Pressure [bar] 2.36 ± 0.03 1.88 ± 0.03 1.89 ± 0.03 2.18 ± 0.03

SOI 1 [deg aTDC] −350 −350 −350 −350
SOI 2 [deg aTDC] N/A −60 −60 −60
EGR [%] 11.6 ± 1.1 7.5 ± 0.9 26.7 ± 0.8 14.5 ± 1.0

Table 3. Indicated performance and emissions results of a four-case study.

Case 1 Case 2 Case 3 Case 4

NFCE [%] 44.0 ± 0.6 44.1 ± 0.6 43.4 ± 0.6 43.4 ± 0.6
GFCE [%] 46.3 ± 0.6 45.4 ± 0.6 44.6 ± 0.6 45.4 ± 0.5
NTE [%] 47.0 ± 0.6 46.8 ± 0.6 46.3 ± 0.7 46.5 ± 0.6
GTE [%] 49.5 ± 0.6 48.1 ± 0.6 47.6 ± 0.7 48.7 ± 0.6

Comb. Eff. [%] 94.6 ± 0.2 95.0 ± 0.1 95.1 ± 0.1 94.6 ± 0.1
IS CO [g/kWh] 4.9 ± 0.2 4.1 ± 0.2 3.7 ± 0.3 4.6 ± 0.2

IS uHC [g/kWh] 7.8 ± 0.3 7.3 ± 0.3 6.6 ± 0.2 7.9 ± 0.3
IS NOx [g/kWh] 0.2 ± 0.01 1.4 ± 0.2 0.5 ± 0.1 0.2 ± 0.02
CA50 [deg aTDC] 11.6 ± 0.1 10.6 ± 0.1 12.6 ± 0.1 12.5 ± 0.1

10–90 BD [degrees] 8.7 ± 0.1 7.6 ± 0.1 11.7 ± 0.1 11.5 ± 0.1
MPRR [bar/deg] 9.4 10.8 6.1 6.7

The engine-out NOx of Case 2 can be reduced by increasing the EGR rate and slightly
retarding the combustion phasing without changing the boost level of the engine, as
shown in Case 3. The increase in EGR also increases the engine-out combustion efficiency.
Compared to Case 2, Case 3 has roughly the same pumping losses. The 0.6 percentage point
decrease in fuel conversion efficiency is due to two thermodynamic causes. The first is
that the increase in EGR rate decreases the ratio of specific heats, which negatively impacts
the thermodynamic efficiency (though there is some efficiency benefit to EGR related to
lowering peak in-cylinder temperatures, which reduces heat transfer losses). The second is
that for Case 3, combustion is phased slightly later and the burn duration is longer than
Case 2, both of which decrease the thermodynamic efficiency. The reason combustion is
phased slightly later will be explained at the end of this section.

Case 4 raises the boost level to 1.8 bar to strike a balance between boosting, EGR
addition, and combustion phasing to produce similar NOx emissions to Case 1. In doing
so, the criteria pollutant emissions of Case 4 roughly equal Case 1. There is a 0.6 percentage
point decrease in net fuel conversion efficiency as a tradeoff for an increase in specific
exhaust enthalpy and a decrease in required boost level. While the exhaust temperature
of Case 4 is only 15 K hotter than Case 1, the lower pressure ratio of the turbine of Case 4
means that the temperature drop through the turbine will also decrease, which is favorable
for a post-turbine after-treatment system.

Overall, these four cases show that there is flexibility in the operating strategy of
a kinetically-controlled combustion strategy with wet ethanol as the fuel (or a fuel with
similar fuel properties, like methanol, [38]). Depending on the relative weights given to
minimizing criteria emissions and maximizing efficiency, or to the ability and limits of the
available engine system hardware, an operating strategy can be defined.

One final digression to be made here is that, during experimental operation, it was
found that when EGR was increased from Case 2 to Case 3, a combustion destabilizing
dynamic emerged. For all four cases, combustion phasing was controlled by adjusting
the intake temperature. As mentioned, for Case 3, combustion was phased slightly later
than Case 2. This is because when combustion was phased slightly earlier to match
Case 2, a runaway advancement of combustion phasing ensued into a region of engine-
damaging heat release rates. In other words, there is an instability in CA50 when CA50
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is ~10.5 deg aTDC with the EGR level of Case 3 and Case 4 that prevents steady-state
operation here; CA50 will either advance or retard to achieve stability. Practically, this
instability is easily stabilized by using well-established combustion phasing control knobs
for stratified, kinetically-controlled combustion with wet ethanol: cycle-to-cycle variation
of intake stroke injection timing or split fraction. This can be performed with no significant
increase in the coefficient of variation (COV) of IMEPn. However, the destabilization made
achieving healthy steady-state operation for recording data extremely difficult. While
it is not possible to say for certain what causes this behavior, it is highly likely that the
destabilization with higher EGR was a result of certain reactivity-enhancing species in the
exhaust gas, since it occurs during high EGR operation. Unlike hydrocarbons that exhibit
cool flame reactivity, the reactivity of ethanol is not significantly reduced due to a decrease
in oxygen concentration from EGR. Rather, there can be a reactivity enhancement due to
trace species in the exhaust [39]. In the current situation, one potential candidate is NOx,
since the runaway advancement of combustion phasing produces an increasing amount of
NOx, creating a positive feedback; chemical kinetics work is required to confirm whether
this correlation is the cause of this positive feedback.

3.2. 16 Bar IMEPn

Since wet ethanol has no cool flame reactivity to help stabilize the combustion process
as combustion phasing retards, cycle-to-cycle variability of the heat release process begins
to increase [40]. While the COV of IMEPn does not increase significantly, the cycle-to-cycle
variability of CA50 increases, and as a result, the cycle-to-cycle variability in the peak
pressure increases. This behavior results in an average pressure that may stay below the
peak pressure limit of the engine, but with many individual cycles far exceeding the peak
pressure limit. This is illustrated in Figure 2, where the target peak pressure limit of the
engine is defined as 150 bar. The peak pressure limit of 150 bar was selected including
a factor of safety since this is a custom research setup; most production diesel engines
would be able to reach higher peak pressures, which would expand the operating range of
wet ethanol ACI. For now, a mechanism to stabilize the heat release process is required to
increase the robustness of combustion. One such mechanism is to add a small amount of
fuel to the cylinder after top dead center. This post-style injection will result in a mixing-
controlled heat release process that will prevent individual cycles from experiencing very
late phased combustion or partial misfires. In doing so, it will eliminate the following
rebound cycles, where the heat release process phases very early and the peak cylinder
pressure increases significantly. By removing ~15% of the fuel energy from the kinetically-
controlled injections and moving it to a mixing-controlled injection at 5 deg aTDC, the COV
of peak pressure is reduced from 7% to 2%. The variation in the crank angle location of
peak pressure also decreases. Figure 3 illustrates this.
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The combustion stabilization imparted by a mixing-controlled injection of fuel is
critical to continuing to push the power density of wet ethanol compression ignition.
Therefore, it is worth studying what the impact of injection timing, EGR, and the fraction
of fuel energy contained in the mixing-controlled injection are.

3.2.1. Mixing-Controlled Injection Timing Sweep

In this subsection, the results of an injection timing sweep of the mixing-controlled
injection (i.e., the “third” injection) is presented, maintaining a constant mixing-controlled
fuel energy fraction of 10%. The other 90% is injected through two kinetically-controlled
injections at −350 and −60 deg aTDC, with a 75%/25% split (i.e., 67.5% of the fuel is
injected during the intake stroke, 22.5% of the fuel is injected during the compression
stroke, and the final 10% of the fuel is injected in the mixing-controlled post injection). The
intake temperature is adjusted to maintain a constant CA50 of 8.5 deg aTDC. The intake
pressure and total fuel injected are constant at 2.0 bar ± 0.05 and 49.3 ± 0.7 mg/cycle,
respectively. Figure 4 shows the cylinder pressure and gross heat release rate traces of a
subset of four cases from this sweep, with SOI3s of 25, 15, 5, and 0 deg aTDC. In this figure,
and other similar figures throughout this work, the gross heat release rate is shown below
the cylinder pressure trace. There is no appreciable difference in the cylinder pressure or
heat release rate before the mixing-controlled injection when SOI3 is 25 or 15 deg aTDC.
The kinetically-controlled heat release process concludes before the ignition of the mixing-
controlled injected fuel, which causes SOI3 to have its own separate heat release process.
With an SOI3 of 5 deg aTDC, the mixing-controlled heat release process merges into the
kinetically-controlled heat release process, but begins after the peak heat release rate,
meaning the magnitude of the peak heat release rate is unaffected by the mixing-controlled
injection. Finally, with an SOI3 of 0 deg aTDC, the mixing-controlled heat release process
begins in the early part of the kinetically-controlled heat release process, resulting in an
increase in the peak heat release.

Figure 5, which plots the peak heat release rate and maximum pressure rise rate vs.
SOI3, shows that when SOI3 advances early enough to impact the peak heat release rate, it
results in an increase in the maximum pressure rise rate. For engine health, the combustion
phasing would have to retard to keep the maximum pressure rise rate below some threshold
value, such as 10 bar/deg, which would be detrimental to efficiency. Figure 6, which plots
the indicated specific emissions of uHC, CO, and NOx vs. SOI3, shows that NOx generally
increases with an advancing SOI3. While it seems intuitive that an increase in the peak
heat release rate would result in an increase in NOx, NOx increases even before the peak
heat release rate is affected. The mixing-controlled heat release process produces NOx on
its own due to locally near-stoichiometric combustion, but as SOI3 is phased earlier, the
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mixing-controlled heat release process also maintains in-cylinder temperatures above the
significant thermal-NOx production threshold for longer (~1700–1800 K). This is illustrated
in Figure 7, which plots average in-cylinder temperature vs. crank angle for a subset of the
SOI3 sweep.
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3.2.2. External, Cooled Exhaust Gas Recirculation Sweep

Next, an external, cooled EGR sweep was performed to study the impact on NOx emis-
sions and other performance parameters of the triple injection strategy with wet ethanol
80. The load and intake pressure remained constant at 16.0 ± 0.05 bar and 2.65 ± 0.05 bar,
respectively, with the exhaust pressure set such that the turbocharger efficiency is 50%.
SOI1, SOI2, and SOI3 remained constant at −350, −60, and 5 deg aTDC, respectively. The
intake temperature was adjusted to maintain a constant CA50 of 10.5 ± 0.2 deg aTDC.
Operating conditions that were not held constant across the sweep are shown in Table 4.

Table 4. Operating conditions of EGR sweep.

EGR [%] 0.0% 15.8% 28.5% 37.1%

Fuel Split SOI1/2/3 [%/%/%] 50/35/15 50/35/15 60/25/15 65/20/15
Total Fuel [mg/cyc] 90.5 ± 1.0 89.8 ± 1.1 89.9 ± 1.0 92.8 ± 1.0

Equivalence Ratio [-] 0.54 ± 0.01 0.64 ± 0.01 0.80 ± 0.01 0.95 ± 0.01
Intake Temp. [K] 378.8 ± 2.2 383.9 ± 2.2 393.5 ± 2.2 398.8 ± 2.2

Figure 8 shows the net fuel conversion, net thermal, and engine-out combustion
efficiency vs. EGR. The net thermal efficiency increases slightly as EGR is increased from 0%
to 15.8%, and then decreases slightly as EGR increases further. The combustion efficiency
increases slightly as EGR fraction increases from 0% to 28.5% and then experiences a
decrease as EGR increases further to 37.1%. This decrease in combustion efficiency is due to
a sharp increase in IS CO emissions, shown in Figure 9, which plots IS uHC, IS CO, and IS
NOx vs. EGR. The CO emissions increase because the global equivalence ratio is 0.95. With
a nearly stoichiometric equivalence ratio and a fuel-stratified combustion chamber, fuel in
locally rich areas cannot proceed from CO to CO2 due to oxygen deprivation before CO
conversion chemistry freezes due to expansion. Overall, the net fuel conversion efficiency
is roughly constant as EGR increases from 0% to 28.5% and then decreases ~1 percentage
point as EGR increases further to 37.1%. While 37.1% EGR can result in an engine-out IS
NOx of 0.06 g/kWh, a respectable 0.2 g/kWh engine-out IS NOx can be achieved with
28.5% EGR without an efficiency penalty.
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3.3. Mixing-Controlled Fuel Fraction Sweep

In this subsection, the study of the split of fuel energy that is contained in the mixing-
controlled vs. kinetically-controlled injections is presented. This was performed by starting
with a purely kinetically-controlled combustion case and moving fuel from kinetically-
controlled injections to mixing-controlled injections. The kinetically-controlled injections
are the fully premixed injection at −350 deg aTDC and the partially premixed injection at
−60 deg aTDC. For the mixing-controlled injections, the injection timing and split fraction
was chosen based on a brief optimization routine, though a more robust study could yield
better performance. The injection timing and injected fuel amount in each injection is
shown in Table 5. The estimation of individual injected fuel amounts is determined from
a correlation between commanded injection duration and mass of wet ethanol injected
at 1000 bar common rail pressure developed experimentally on the engine in this study.
This estimation provides reasonable accuracy, though the interaction between injections
via changes in rail pressure is not captured. Therefore, the reported split fractions between
injections will carry some uncertainty. The intake pressure remained constant at 2 bar and
the exhaust pressure was adjusted to maintain a constant turbocharger efficiency of 50%.
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Table 5. Injection parameters for kinetically-controlled (KC) and mixing-controlled (MC) injections
for the MC fraction sweep. * The injection at −30 deg aTDC behaves kinetically, but functions as a
pilot injection, which is typical for MC combustion.

Total Fuel Mass [mg/cyc] 52.9 ± 0.7 52.2 ± 0.7 51.8 ± 0.7 51.2 ± 0.7 51.8 ± 0.7

MC Fraction [%] 0 22 45 70 100 *

KC
SOI 1

[deg aTDC] −350 −350 −350 −350 –
[mg/cyc] 39.6 29.1 21.5 15.4 –

SOI 2
[deg aTDC] −60 −60 −60 – −30

[mg/cyc] 13.3 11.6 7.0 – 11.2

MC
SOI 1

[deg aTDC] – – – −11 −15
[mg/cyc] – – – 4.5 6.5

SOI 2
[deg aTDC] – 6 −2 −3 2

[mg/cyc] – 11.5 23.3 31.3 34.1

Figure 10 shows the cylinder pressure and gross heat release rate traces of each case
in the mixing-controlled fraction sweep. The first thing to notice is that the compression
pressure increases as mixing-controlled fraction increases. This is because as fuel is removed
from the kinetically-controlled injections, the ratio of specific heats during the compression
process increases and there is less evaporative cooling during the compression stroke before
TDC. Instead, some of the evaporative cooling is transitioned to after TDC during the
mixing-controlled injection. As the mixing-controlled fraction increases, the heat release
rate profile transforms from a traditional Gaussian-style, HCCI-like heat release profile
to a traditional mixing-controlled-style heat release profile. Because wet ethanol has a
high autoignition resistance and cooling potential, which result in long ignition delays, a
significant amount of heat release is required from the pilot injection to ignite the main
injection of wet ethanol during high mixing-controlled fraction operation. This creates an
efficiency tradeoff where it would be beneficial to advance the main injection for more
favorable combustion phasing but would require an advancement of the pilot injection to
phase the pilot heat release earlier, which is detrimental to efficiency.
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The net fuel conversion efficiency, net thermal efficiency, and engine-out combustion
efficiency are all plotted vs. mixing-controlled fraction in Figure 11. The corresponding
indicated specific emissions are shown in Figure 12. There is a clear upward trend in
combustion efficiency with an increase in mixing-controlled fraction associated with a
strong decrease in CO and uHC emissions. NOx emissions increase with increasing mixing-
controlled fraction and a clear downward trend in net thermal efficiency with mixing-
controlled fraction is present. There is a less severe, but still clear downward trend in net
fuel conversion efficiency. The increasing trend in combustion efficiency is not surprising,
since it is well-established that the combustion efficiency of mixing-controlled combustion
is >99% as long as the global equivalence ratio is sufficiently lean and the ignition delay
is reasonably short, both of which conditions are satisfied here. The decrease in thermal
efficiency is in part due to an elongation of the main heat release process as well as a
significant increase in the amount of heat released near or before TDC. However, another
factor that is significantly detrimental to the thermal efficiency of the thermodynamic cycle
is the heat removal due to the high cooling potential of the fuel, which will be investigated
with thermodynamic modeling below.
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The heat removal from the evaporation and heating of injected fuel is an important
fact about wet ethanol in compression ignition. In order to shed more light on this, a 0-D
thermodynamic model will be briefly used. Experimentally measured boundary conditions,
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such as the intake and exhaust states, initialize the model. The injection parameters and
experimentally determined gross heat release rate (GHRR) are also inputs. Validation
of the model was performed at all five operating conditions in the mixing-controlled
fraction sweep; Figure 13 shows validation of the model at the second operating point,
78/22 KC/MC.
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After validating the model, the individual contributions of the heat of vaporization
among other factors can be explored thermodynamically. To simulate the effect of the heat
of vaporization of the mixing-controlled injection on the thermodynamic cycle, a back-
to-back comparison is performed, where the heat of vaporization of the fuel is artificially
set to 0 in the model. If the heat of vaporization of the operating condition in Figure 13
(i.e., the second operating point, 78/22 KC/MC) is artificially set to zero in the simulation,
there is no evaporation-driven heat removal from the cycle and the net fuel conversion
efficiency increases by 0.8 percentage points compared to the case with the realistic heat of
vaporization of this fuel. Since the gross heat release rate was not changed, the combustion
efficiency of the simulation is unchanged. Therefore, this change in net fuel conversion
efficiency is equivalent to, and more representative experimentally, of a change in the net
thermal efficiency. If the heat of vaporization is set to zero in the simulation for the pure
mixing-controlled case, a 2.1 percentage increase in the net fuel conversion efficiency is
observed compared to the case with a realistic heat of vaporization.

A separate thermodynamic factor that can be explored with the thermodynamic model
is the fuel’s temperature as it enters the cylinder. In the model, the fuel temperature, which
defines the fuel’s enthalpy as the fuel enters the 0-D control volume during injection, is
400 K. With mixing-controlled timings, this temperature is much lower than the bulk gas
temperature. Some energy from the gases in the cylinder is absorbed by the incoming fuel
to heat the fuel as it is injected, evaporates, and forms a gaseous mixture with the air (and
potentially fuel) that is already in the cylinder. The thermodynamic model can be used to
explore how this incoming fuel temperature affects the thermodynamics of the cycle by
changing the fuel temperature and examining the differences in thermal efficiency. If the
fuel temperature is raised from 400 K to 800 K in the model, there is a 1.6 percentage point
increase in fuel conversion efficiency compared to the baseline pure mixing-controlled
case. If the heat of vaporization is set to zero and the fuel temperature is set to 800 K, a
3.6 percentage point increase in fuel conversion efficiency is seen compared to the baseline.
This is summarized in Figure 14, which shows the cylinder pressure vs. crank angle of the
four simulations.
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indicates whether the heat of vaporization (HOV) is on or off (“on” meaning that the actual HOV of
wet ethanol 80 is used, and “off” meaning that the HOV was artificially set to zero) in the model, the
fuel temperature at injection, and the net fuel conversion efficiency (NFCE).

It is important to note that simulations of the injection event in a 0-D model are not
perfectly exact. The injection profile of the fuel in the model is a square wave. The starts
of injection are set as the experimental starts of injection timings with a two-crank angle
offset to account for the opening of the injector. In this 0-D model, once the fuel is injected,
evaporative cooling occurs instantaneously, and the fuel is assumed to be well-mixed in the
control volume. Of course, this is not physical, but it is a limitation of 0-D modeling. This
inexactness is more pronounced with the heating of the injected fuel. The heating of the fuel
is complex since both the heating timescale and the amount of heat absorption are unclear.
Therefore, these results should be taken as a trend-wise demonstration of the importance of
HOV and fuel heating near TDC associated with a mixing-controlled injection when using
wet ethanol 80 or any other high cooling potential fuel.

What these thermodynamic modeling results demonstrate is that the heat absorption of
wet ethanol upon injection has a significant impact on the efficiency of the thermodynamic
cycle. The heat of vaporization of wet ethanol 80 is ~6% of its lower heating value, which
is roughly a factor of ten higher than diesel. A high specific heat also means the total
heat absorption is likely higher than 6%. For kinetically-controlled injections, the heat
removal does not occur at a time during the thermodynamic cycle where heat removal
is significantly detrimental to efficiency, i.e., far from firing TDC. However, for mixing-
controlled injections, this heat removal occurs near firing TDC and always somewhat
precedes heat release. At the very least, the heat removal from evaporation removes 6%
of the total heat release from the cylinder. With thermal efficiency on the order of 50%,
that means that pure mixing-controlled compression ignition of wet ethanol 80 incurs
roughly a 3-percentage-point reduction of thermal efficiency compared to kinetically-
controlled strategies. This is in agreement with an experimental result in the literature,
where methanol-fueled mixing-controlled compression ignition displayed a lower fuel
conversion efficiency than diesel-fueled mixing-controlled compression ignition despite
having a more thermodynamically favorable heat release process [41].

While mixing-controlled combustion of wet ethanol 80 results in higher combustion
efficiency than kinetically-controlled combustion, these results present a clear thermody-
namic penalty to the evaporation of a high cooling potential fuel in a mixing-controlled
strategy. From an emissions perspective, there is a NOx-combustion efficiency tradeoff.
However, NOx emissions regulations are the biggest hurdle for future internal combustion
engines. Therefore, it may be advantageous to use kinetically-controlled combustion of
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wet ethanol 80 compared to mixing-controlled combustion of wet ethanol 80, which would
favor lower NOx emissions at the expense of higher CO and uHC emissions. An additional
advantage of kinetically-controlled combustion of wet ethanol 80 over mixing-controlled
combustion is that higher CO and uHC emissions result in more available energy in the
exhaust in the form of partially oxidized fuel, which then reacts exothermically in a catalyst
to help with low temperature aftertreatment of CO, uHC, and NOx emissions. With this in
mind, the optimal injection strategy should minimize the amount of fuel injected in the
mixing-controlled injections, only using as much as is required for combustion stabilization
at high loads.

3.4. Load Sweep

Previous work with purely kinetically-controlled compression ignition of wet ethanol
80 showed a load extension of up to ~8 bar IMEPn [21]. In this section, a load sweep is
performed from 10 bar IMEPn to 22 bar IMEPn using a triple injection strategy where
injection timing and duration, EGR, and boost level are simultaneously optimized to
maintain either a peak pressure limit of ~150 bar or a maximum pressure rise rate of
10 bar/deg, while minimizing NOx emissions without incurring significant efficiency
penalties. Figure 15, which plots intake pressure and peak cylinder pressure vs. IMEPn,
shows that, in the first half of the load sweep to 16 bar IMEPn, the intake pressure continues
to rise rapidly with load. As the peak pressure limit of the engine approaches, the rate
of boost level increase with load reduces dramatically and mixing-controlled injections
must be used to increase the load further. Note, this research engine had a peak pressure
limit of 150 bar for safety considerations, but most production diesel engines can achieve
higher pressures, which would have allowed further minimization of the mixing-controlled
fraction and optimization of the efficiency and emissions performance, especially at loads
greater than 16 bar.
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Figure 16 plots the net fuel conversion, net thermal, and combustion efficiency vs.
IMEPn. As load increases from 12 bar IMEPn, the combustion efficiency increases and
the net thermal efficiency decreases as both the mixing-controlled fraction and the specific
energy density of the charge increases. There is a thermodynamic penalty to increasing the
load without increasing the boost level due to the associated increase in peak temperatures
and decrease in the ratio of specific heats. Furthermore, the incorporation of mixing-
controlled injections to stabilize the combustion process at high loads, maintaining the peak
cylinder pressure limit, incurs a thermodynamic penalty, as discussed above. However,
enabling a maximum load of 22 bar IMEPn with a peak cylinder pressure of less than
150 bar with wet ethanol 80 makes this efficiency penalty acceptable. Figure 17, which plots
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IS uHC, CO, and NOx vs. IMEPn, shows that, up to 20 bar IMEPn, IS NOx is kept below
0.3 g/kWh. At a peak load of 22 bar, the engine out IS NOx is 1.3 g/kWh with a net fuel
conversion efficiency of 42% and a combustion efficiency of 98.7%.

Energies 2022, 15, x FOR PEER REVIEW 20 of 25 
 

 

mixing-controlled injections to stabilize the combustion process at high loads, maintain-
ing the peak cylinder pressure limit, incurs a thermodynamic penalty, as discussed above. 
However, enabling a maximum load of 22 bar IMEPn with a peak cylinder pressure of 
less than 150 bar with wet ethanol 80 makes this efficiency penalty acceptable. Figure 17, 
which plots IS uHC, CO, and NOx vs. IMEPn, shows that, up to 20 bar IMEPn, IS NOx is 
kept below 0.3 g/kWh. At a peak load of 22 bar, the engine out IS NOx is 1.3 g/kWh with 
a net fuel conversion efficiency of 42% and a combustion efficiency of 98.7%. 

 
Figure 16. Net fuel conversion (FC) efficiency, net thermal efficiency, and combustion efficiency vs. 
net indication mean effective pressure (IMEPn). 

 
Figure 17. Indicated specific emissions of CO (IS CO), IS uHC, and IS NOx vs. net indication mean 
effective pressure (IMEPn). 

3.5. Discussion: Emissions and Efficiency 
Ethanol is a two-carbon oxygenated hydrocarbon, meaning it has a very low soot 

potential compared to conventional fuels. It is expected that the particulate matter level 
of wet ethanol 80 would be undetectable using a smoke meter or opacity meter, especially 
under the globally lean, partially premixed operating conditions studied in this work. 
Therefore, the authors attempted to use a Cambustion DMS500 to measure the particle 
size distribution, which is sensitive enough to measure low concentrations of small parti-
cles. During globally lean, partially premixed operation at 10 bar IMEPn, all soot concen-
tration measurements were less than ~1.3 mg/m3, which is a calculated filter smoke num-
ber (FSN) of 0.1. Further, no appreciable amount of soot agglomeration was observed, i.e., 

Figure 16. Net fuel conversion (FC) efficiency, net thermal efficiency, and combustion efficiency vs.
net indication mean effective pressure (IMEPn).

Energies 2022, 15, x FOR PEER REVIEW 20 of 25 
 

 

mixing-controlled injections to stabilize the combustion process at high loads, maintain-
ing the peak cylinder pressure limit, incurs a thermodynamic penalty, as discussed above. 
However, enabling a maximum load of 22 bar IMEPn with a peak cylinder pressure of 
less than 150 bar with wet ethanol 80 makes this efficiency penalty acceptable. Figure 17, 
which plots IS uHC, CO, and NOx vs. IMEPn, shows that, up to 20 bar IMEPn, IS NOx is 
kept below 0.3 g/kWh. At a peak load of 22 bar, the engine out IS NOx is 1.3 g/kWh with 
a net fuel conversion efficiency of 42% and a combustion efficiency of 98.7%. 

 
Figure 16. Net fuel conversion (FC) efficiency, net thermal efficiency, and combustion efficiency vs. 
net indication mean effective pressure (IMEPn). 

 
Figure 17. Indicated specific emissions of CO (IS CO), IS uHC, and IS NOx vs. net indication mean 
effective pressure (IMEPn). 

3.5. Discussion: Emissions and Efficiency 
Ethanol is a two-carbon oxygenated hydrocarbon, meaning it has a very low soot 

potential compared to conventional fuels. It is expected that the particulate matter level 
of wet ethanol 80 would be undetectable using a smoke meter or opacity meter, especially 
under the globally lean, partially premixed operating conditions studied in this work. 
Therefore, the authors attempted to use a Cambustion DMS500 to measure the particle 
size distribution, which is sensitive enough to measure low concentrations of small parti-
cles. During globally lean, partially premixed operation at 10 bar IMEPn, all soot concen-
tration measurements were less than ~1.3 mg/m3, which is a calculated filter smoke num-
ber (FSN) of 0.1. Further, no appreciable amount of soot agglomeration was observed, i.e., 

Figure 17. Indicated specific emissions of CO (IS CO), IS uHC, and IS NOx vs. net indication mean
effective pressure (IMEPn).

3.5. Discussion: Emissions and Efficiency

Ethanol is a two-carbon oxygenated hydrocarbon, meaning it has a very low soot
potential compared to conventional fuels. It is expected that the particulate matter level of
wet ethanol 80 would be undetectable using a smoke meter or opacity meter, especially
under the globally lean, partially premixed operating conditions studied in this work.
Therefore, the authors attempted to use a Cambustion DMS500 to measure the particle size
distribution, which is sensitive enough to measure low concentrations of small particles.
During globally lean, partially premixed operation at 10 bar IMEPn, all soot concentration
measurements were less than ~1.3 mg/m3, which is a calculated filter smoke number
(FSN) of 0.1. Further, no appreciable amount of soot agglomeration was observed, i.e., no
large particles. An example of the particle number distribution and the cumulative mass
observed is shown in Figure 18.
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Over the course of the experiments, due to the high water content in the exhaust,
particularly in operating conditions with high equivalence ratios, the dew point exceeded
the temperature in the heated line, causing the flow meters in the DMS500 to fail over time.
Thus, a deeper analysis on the particulate distribution, particularly during the mixing-
controlled fraction sweep, could not be performed in the current work. Other researchers
have successfully measured the particulate matter of neat ethanol in partially premixed
combustion, confirming that near-zero particulate matter was produced [42]. Therefore,
conclusive measurements of particulate matter with wet ethanol 80 could not be made
in this work, but the reliance on kinetically-controlled combustion is expected to result
in essentially zero particulate mass as long as the partially premixed injection does not
significantly impinge on the walls and piston crown, where there may not be enough time
for evaporation before combustion.

The water content in the fuel will also have an impact on the engine-out emissions.
As a high cooling potential diluent, the water in the fuel increases the fuel’s ignition delay,
resulting in more time for fuel-air mixing before ignition. Therefore, there is a lower
chance of soot emissions due to the water, even independent of the low carbon number
and oxygenation of ethanol. Researchers have noted that water-fuel emulsions using fossil
fuels result in lower soot emissions in compression ignition engines [43]. An emulsifier is
required with fossil fuels because the water and oil will not mix otherwise, but an emulsifier
is not required with the alcohol fuels.

The diluent effect of water will also result in lower NOx emissions, like EGR, partic-
ularly for the mixing-controlled phase of combustion since the local water concentration
naturally scales with the local fuel concentration. Again, past research with water-fuel
emulsions with found lower NOx emissions [43].

The results presented here demonstrate high power-density compression ignition
operation on a light-duty production engine geometry, with a piston swap being the only
hardware change. Compared to diesel-fueled compression ignition on the same engine
with a stock re-entrant bowl piston, the net fuel conversion efficiency of wet ethanol
80 compression ignition using a triple injection strategy is slightly higher and the NOx
emissions are significantly lower. ACI can achieve more rapid combustion than diesel
combustion without high localized heat transfer rates from the diffusion burn in the piston
bowl. However, in ACI, the peak heat release rate occurs a little later in the piston motion
than the premixed spike in diesel, which results lower pressure rise rates. Additionally, the
minimization of mixing-controlled heat release results in significantly less engine-out NOx
emissions, and EGR can be used liberally since there is no soot-NOx tradeoff to consider
(since there is no soot). On a system level, wet ethanol 80 will not require a diesel particulate
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filter that undergoes regeneration and can shift to regimes with lower engine-out NOx,
reducing diesel exhaust fluid consumption in a lean-NOx aftertreatment system. To achieve
very high loads, when power density is a priority, mixing-controlled combustion can be
used to achieve combustion stability, with a slight efficiency and emissions penalty.

One of the remaining challenges is reducing the level of charge heating required to
achieve autoignition of wet ethanol 80. This problem can be solved by increasing the
compression ratio of the engine, using uncooled EGR, and/or using thick thermal barrier
coatings to retain heat transferred out of the cylinder during combustion and preheat the
incoming charge [44,45]. Since wet ethanol 80 has a high cooling potential, overheating the
incoming charge is not an issue, since the evaporative cooling of the fuel can be used to
control the intake valve closing temperature. These techniques have additional benefits
on efficiency and engine-out emissions, presenting a promising opportunity for using a
carbon-neutral fuel in a high-efficiency, low engine-out emissions combustion strategy with
minimal changes to existing engine hardware.

4. Conclusions

In this work, compression ignition of wet ethanol 80, a domestically sourced and mass-
produced biofuel with single stage ignition properties, was studied at high loads under
boosted conditions. At 10 bar IMEPn, performance differences between premixed and
stratified kinetically-controlled combustion were experimentally studied. At 16 bar IMEPn,
the addition of a mixing-controlled injection to stratified kinetically-controlled combustion
with wet ethanol 80 was experimentally studied with support from zero-dimensional ther-
modynamic modeling. Finally, a load sweep was experimentally performed at 1500 rpm.
The following conclusions can be drawn:

1. When the air-handling or aftertreatment system are not constrained, the boost level
of the engine can increase sufficiently with a load that enables pure HCCI without
engine damaging heat release rates with wet ethanol 80. However, the same load can
be achieved with a lower and more realistic boost level by injecting some wet ethanol
during the compression stroke to elongate the heat release process. This increases
the specific enthalpy of the exhaust, which is beneficial for the turbocharging and
aftertreatment systems, as well as for lowering pumping losses. While this results in
an increase in engine-out NOx, boost level and EGR can be tuned synergistically to
reduce engine-out NOx emissions.

2. As the peak pressure limit of the engine approaches and combustion phasing must
retard, moving some fraction of the fuel to an injection near TDC to enable a mixing-
controlled phase of the heat release process helps stabilize the kinetically-controlled
combustion process, decreasing the COV of peak pressure and enabling healthier
engine operation at high loads.

3. Due to the high cooling potential of wet ethanol 80, which is ~6% of the lower heating
value of the fuel, injections near TDC have a significant thermodynamic penalty
due to heat absorption from evaporation and heating of the fuel. As a result, the
thermal efficiency decreases as fuel is moved from kinetically-controlled injections
to mixing-controlled injections. Injecting diesel fuel near TDC in conventional diesel
combustion also causes heat to be absorbed from the thermodynamic cycle at a time
that reduces efficiency; however, due to the much lower cooling potential of diesel,
this effect is fairly negligible in conventional diesel combustion. With wet ethanol 80
or any other high cooling potential fuel, the efficiency reduction is not negligible.

4. There is also an increase in combustion efficiency (decrease in CO and uHC emis-
sions) and an increase in NOx emissions as fuel is moved from kinetically-controlled
injections to mixing-controlled injections.

5. By using wet ethanol 80 in a triple injection strategy, a load of 22 bar IMEPn is achieved
with diesel-like (or higher) efficiency, low engine-out NOx emissions, no measurable
particulate matter, and while maintaining a peak cylinder pressure below 150 bar.
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Overall, these results indicate that high-load operation of wet ethanol 80 fueled com-
pression ignition is possible by combining advanced kinetically-controlled combustion
and conventional mixing-controlled combustion. This enables a high-power density and a
highly controllable internal combustion engine concept with a low carbon intensity biofuel.
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