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1
WET BIOFUEL COMPRESSION IGNITION

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

This invention was made with government support under
DE-SC0020087 awarded by the US Department of Energy.
The government has certain rights in the invention.

FIELD OF THE INVENTION

This document concerns an invention relating generally to
compression ignition (diesel) combustion engines, and more
specifically to compression ignition of hydrous (aqueous or
“wet”) fuels, in particular hydrous biofuels (biofuels con-
taining water, e.g., hydrous alcohols such as hydrous ethanol
and/or methanol, hydrous ethers such as hydrous dimethyl
ether (DME), etc.).

BACKGROUND OF THE INVENTION

A prior patent (U.S. Pat. No. 11,125,170 issued Sep. 21,
2021, also published as US20200182165, the entirety of this
being incorporated by reference into this document)
describes efforts to efficiently use a biofuel, in particular
hydrous ethanol, as a fuel for a compression ignition (diesel)
engine. Hydrous ethanol, also known as aqueous or wet
ethanol, is a typical product from ethanol production, con-
sisting of a solution of anhydrous ethanol (dehydrated or dry
ethanol) and water (often 85%-90% water for “raw” hydrous
ethanol produced directly from fermentation processes).
Hydrous ethanol is a poor fuel, and requires expensive and
energy-consuming distilling/dehydration steps to convert it
to a sufficiently water-free state that it is suitable for typical
use as a fuel. Typically, less than 1% water is desired, but as
water content decreases, increasing amounts of energy are
needed for further dehydration (e.g., it takes far less energy
to dehydrate from 90% water to 50% water than it does to
dehydrate from 50% to 10% water). This adversely impacts
the status of ethanol as a “carbon-neutral” fuel, as the energy
needed to make it fuel-worthy approaches the amount of
energy needed to produce the fuel. The aforementioned
patent application describes a diesel engine system wherein
a reformer—a device which converts hydrocarbons and
water to syngas, a gas mixture which contains hydrogen
(H2) and other gases such as carbon monoxide (CO)—
processes hydrous ethanol to provide syngas for use in a
diesel engine alongside another fuel (e.g., conventional
diesel fuel). This beneficially allows the use of hydrous
ethanol as a fuel without the need for energy-consuming
dehydration, decreasing fuel production costs and making
production more “carbon-neutral.” Moreover, the described
system beneficially provides minimal engine emissions/
pollutants, avoiding the need for engine exhaust after-
treatment measures, which can be expensive and cumber-
some. However, the described system requires a reformer,
which can itself generate costs, as well as volume and
placement issues on a vehicle wherein the system is
installed.

SUMMARY OF THE INVENTION

The invention, which is defined by the claims set out at the
end of this document, is directed to a compression ignition
(diesel) engine system allowing direct use of hydrous fuels
without the need for a reformer. The hydrous fuels contain
at least 20% water by mass, and more preferably at least
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40% water by mass, with the remainder being one or more
combustible fuels such as alcohol (e.g., ethanol), dimethyl
ether (DME), hydrogen (H,), or diesel fuel (whether derived
from petroleum or biomass).

The hydrous fuel is pressurized to a level suitable for
direct injection (e.g., 50 bar or more) near top dead center
(TDC) of the compression stroke of a compression ignition
engine. The pressurization of the fuel mixture in a low
temperature liquid state requires negligible parasitic power
consumption. The high pressure, low temperature fuel is
then preferably heated to high temperature (preferably 500
K or more) prior to injection, as by use of a recuperator (heat
exchanger) utilizing waste heat from the engine’s exhaust
system. The fuel’s enthalpy (thermomechanical energy) is
thereby greatly increased, also increasing the fuel’s effective
cetane number (ignitability) under compression ignition
engine conditions. The high pressure/high temperature fuel
may then be directly injected during the engine’s compres-
sion stroke near TDC (preferably between 15 degrees prior
to TDC and 30 degrees after TDC). The invention may be
implemented in a conventional direct-injection CI engine
with addition of a recuperator or other heater, and with
injector(s) designed for higher fuel temperatures and higher
injected volumes compared to diesel fuel injectors.

Thus, unlike the system described in the aforementioned
U.S. Pat. No. 11,125,170, the hydrous (bio)fuel need not be
reformed or otherwise thermochemically converted or can
be only minimally converted—and can be directly used as
the sole fuel (or, where the concepts of the prior patent
application are incorporated, as one of the fuels). The waste
heat/energy from exhaust is recovered and imparted to the
fuel thermomechanically, rather than thermochemically. The
invention results in numerous advantages, including:

(1) Achievement of ultra-high engine brake thermal effi-
ciency (BTE) levels (i.e., the ratio of mechanical energy
output to the chemical energy of the fuel), with BTE levels
exceeding 60% being attainable (representing an improve-
ment of 33% or more over conventional direct-injection CI
engines).

(2) Elimination (or reduction) of the need for exhaust
after-treatment, as many hydrous biofuels (such as hydrous
ethanol and hydrous DME) have no or negligible soot
emissions (including at stoichiometric conditions—i.e.,
where the in-cylinder fuel/oxygen ratio provides complete
combustion of fuel and oxygen—in contrast with conven-
tional direct-injection CI engines, which typically generate
high soot emissions at stoichiometric conditions). Addition-
ally, the water in the hydrous fuel tends to reduce NOx and
soot emissions via mechanisms discussed below, with
greater water concentration tending to result in lesser emis-
sions.

(3) Any need to substantially or completely dewater
hydrous biofuel is eliminated, thereby conserving much of
the energy expended in distillation/dehydration of the
hydrous biofuel, and lowering the cost of fuel production.

(4) The engine need not use premixed combustion (i.e.,
the injected fuel need not be thoroughly mixed with the
cylinder air prior to ignition), thereby avoiding the control
difficulties and load limitations arising from premixed com-
bustion.

Particularly preferred versions of the invention implement
one or more of the following features:

(1) A method of operating a compression ignition (diesel)
engine wherein the method includes the step of injecting a
hydrous fuel into a cylinder of a compression ignition engine
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to effect ignition of the hydrous fuel within the cylinder,
wherein the cylinder solely contains air and a hydrous fuel
during ignition.

(2) A method of operating a compression ignition (diesel)
engine wherein the method includes the steps of first pres-
surizing a hydrous fuel, and then injecting the pressurized
hydrous fuel into a cylinder of the compression ignition
engine during one or more of a compression stroke of the
compression ignition engine and an expansion stroke of the
compression ignition engine to effect ignition of the hydrous
fuel within the cylinder.

(3) A compression ignition engine system including a
compression ignition engine; a fuel tank configured to
contain a hydrous fuel; a fuel pump configured to supply the
hydrous fuel to the compression ignition engine; a recupera-
tor situated between the fuel pump and the compression
ignition engine, wherein the recuperator is configured to
transfer heat from exhaust from the compression ignition
engine to the hydrous fuel; and an injector configured to
inject the heated hydrous fuel into a cylinder of the com-
pression ignition engine.

In the foregoing versions of the invention, one or more of
the following features is preferably present:

(a) The hydrous fuel preferably contains at least 20%
water by mass, and more preferably at least 40% water by
mass. The fuel may be, for example, alcohol (e.g., ethanol),
which preferably constitutes at least 20% of the hydrous fuel
by mass; dimethyl ether (DME), which preferably consti-
tutes at least 15% of the hydrous fuel by mass; diatomic
hydrogen (H,), which preferably constitutes at least 4% of
the hydrous fuel by mass; and/or diesel fuel (whether
derived from petroleum or from biomass), which preferably
constitutes at least 10% of the hydrous fuel by mass.

(b) The hydrous fuel is preferably pressurized to a pres-
sure of at least 50 bar prior to injection into the cylinder of
the compression ignition engine (e.g., via the aforemen-
tioned fuel pump).

(c) The hydrous fuel is preferably heated to a temperature
of at least 500 K prior to injection into the cylinder of the
compression ignition engine. Such heating is preferably
effected by heat transfer from the engine’s exhaust gas (e.g.,
via the aforementioned recuperator).

(d) The hydrous fuel is preferably injected into the cyl-
inder of the compression ignition engine between 15 degrees
before top dead center (BTDC) and 30 degrees after top dead
center (ATDC).

(e) The mass of the hydrous fuel injected into the cylinder
of the compression ignition engine is within 20% of the mass
needed to effect stoichiometric combustion.

Further advantages, features, and objects of the invention
will be apparent from the following detailed description of
the invention in conjunction with the associated drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic depiction of an engine system
exemplifying the invention.

DETAILED DESCRIPTION OF EXEMPLARY
VERSIONS OF THE INVENTION

Expanding on the discussion above, FIG. 1 illustrates an
exemplary engine system 10 having a fuel tank 100 which
contains a hydrous biofuel (e.g., hydrous ethanol having
47% ethanol and 53% water by mass, which is representa-
tive of lightly distilled/dehydrated ethanol from a production
facility). This is merely an exemplary hydrous biofuel, and
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hydrous biofuels with other water-to-carbon ratios are pos-
sible (e.g., with ethanol-to-water ratios of approximately
40/60 to 95/5 by mass).

A fuel pump 102 receives the fuel from the fuel tank 100
and pressurizes it to 50-500 bar (preferably 100-300 bar).
The pressurized fuel is provided to a recuperator (heat
exchanger) 106 where the fuel is heated by exhaust gases
from the exhaust manifold 108, e.g., to 650-1100 K (pref-
erably 700-900 K). Any suitable recuperator 106 may be
used, with greater gains in brake thermal efliciency being
realized with greater heat transfer from the exhaust gases.
Recuperators such as those used in gas turbine engines are
typically suitable for use. The pressurized and heated fuel is
then provided to a diesel injection system 110, here depicted
as a common rail injection system having several injectors
112, one per engine cylinder 114. The injectors 112 differ
from conventional automotive diesel injectors insofar as
they require high injection mass, with the capability to inject
high temperature and low density fuel charges with 1.75 to
3.5 times the mass as those provided for a corresponding
engine system utilizing only diesel fuel: as the water content
of the fuel increases, so must the mass of an injected charge.
Injection volume is also greatly increased versus standard
diesel injection, as the high temperature of the fuel-water
charge imparts significant volumetric expansion.

Now considering the system’s air intake, looking near the
bottom left of FIG. 1, ambient air (with a pressure at or near
1 bar, and temperature at or near 300 K) is preferably
pressurized by a compressor (e.g., a turbocharger) 116,
typically to 1.5-2.5 bar, 300-500 K, prior to supply to an
intake manifold 118 (and thus to the engine cylinders 114).

Within the cylinders 114, fuel charges are injected near
TDC (top dead center, i.e., where the pistons provide mini-
mum cylinder volume) during the compression stroke, pref-
erably between 15 degrees before TDC (BTDC) and 30
degrees after top dead center (ATDC) (and more preferably
between 10 degrees BTDC and 15 degrees ATDC), such that
the fuel is ignited upon or very shortly after injection.
Because hydrous fuels tend to exhibit longer ignition delays
than conventional diesel fuel, one or more pilot injections
(i.e., earlier ignition-promoting injections of low volume)
may be provided to promote ignition of later injections. Any
such pilot injections are preferably provided at 30 to 20
degrees BTDC (before top dead center) or thereafter, pref-
erably having a duration of 2-5 degrees of crankshaft
rotation, and preferably each constituting between 5-15% of
the total mass of fuel injected per cylinder 114, per cycle.
Such pilot injections can also help reduce the rate of pressure
rise within the cylinders 114, decreasing engine noise and
potential damage. As noted previously, the overall fuel
injection mass is greater than that used for conventional
diesel fuels, with the amount of hydrous ethanol being
injected typically being up to approximately 1.75-3.5 times
the diesel-only injection mass for a given load, depending on
the water-to-fuel ratio used. As discussed below, other
hydrous fuels may require up to approximately 10 times the
diesel-only injection mass.

Using the foregoing strategy, the engine 10 operates in
substantially the same manner as it would during conven-
tional diesel operation, but with impressive gains in brake
thermal efficiency (BTE)—approximately 21% improve-
ment—over conventional diesel operation. At the same time,
the engine 10 provides far less nitric oxide (NOx) and soot
emissions, typically with NOx emissions being between 2-3
grams per kilowatt-hour of brake power, and negligible soot
emissions. Such emissions can be further reduced with a
suitable emissions reduction system. FIG. 1 illustrates the
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exhaust manifold 108 passing the exhaust gas through the
recuperator 106 to heat the fuel prior to injection, then
through a turbine 120 driving the compressor 116 of the
turbocharger, and finally to an emissions reduction system
122. The exemplary emissions reduction system 122 might
here include a Diesel Oxidation Catalyst (DOC) filter 122a
for reduction of unburned hydrocarbon and carbon monox-
ide emissions, and a Selective Catalytic Reduction (SCR)
system 1224 for reduction of NOx. In the DOC filter 122a,
a metal and/or ceramic mesh catalyst promotes oxidation of
carbon monoxide and unburned hydrocarbons to carbon
dioxide and water. In the SCR system, a Diesel Exhaust
Fluid (DEF) doser 124 injects a reductant (typically urea and
water) into the exhaust gas so that a subsequent SCR catalyst
1226 and an ammonia (NH;) catalyst 122¢ cause NOx to
react to produce harmless nitrogen gas and water vapor.
Other emissions reduction components can be used in addi-
tion to or instead of the SCR and DOC systems, e.g., an
exhaust gas recirculation (EGR) system (not shown), com-
monly used for NOx reduction, wherein a portion of the
exhaust gas is recirculated back to the cylinders 114 to form
a portion of the cylinder air. (In this respect, where this
document refers to “air” within a cylinder 114 prior to
ignition, this should be understood as encompassing atmo-
spheric air alone, or in combination with recirculated
exhaust gas.) A passive three-way catalyst (TWC) system
122d is another possible emissions reduction component
which is particularly useful when the engine system 10 of
FIG. 1 operates at or near a stoichiometric fuel-air ratio, in
which case the DOC filter 122a, SCR catalyst 1225, and
NH3 catalyst 122¢ (and DEF dosser 124) may be unneces-
sary.
It is notable that emissions decrease as water percentage
increases in the hydrous ethanol. This is believed to occur
because in conventional diesel combustion, NOX is typically
produced as a result of high cylinder temperatures, and soot
is typically produced in the fuel-rich regions upstream from
the flame. With hydrous fuels, when a sufficiently high
percentage of water is used, cylinder temperatures are
decreased, and temperatures in the fuel-rich upstream region
are too low to support soot formation. The invention can
therefore potentially allow elimination of NOx and soot
emissions with the use of mixing controlled combustion, i.e.,
by adjustment of injection (and thus the rate of fuel/air
mixing) to adjust the combustion rate (and thus peak cyl-
inder temperature).

While the foregoing description focused on the use of
hydrous ethanol as the hydrous biofuel, other hydrous bio-
fuels, e.g., hydrous methanol or hydrous dimethyl ether
(DME), might be used instead with appropriate adjustment
of the arrangement described above (in particular, the vol-
ume and temperature of the injected fuel charge). Investi-
gations indicate that hydrous DME may be a particularly
suitable hydrous biofuel. DME, which is commonly pro-
duced by dehydration of methanol, is gaseous at ambient
temperature and pressure, but liquefies at modest pressure
(approximately 6 bar) and is soluble in water. Using the
engine system 10 with 17.6% DME/82.4% water (by mass),
and an injected fuel temperature of 650 K, the engine
achieved greater than 60% brake thermal efficiency (BTE)—
an improvement of approximately 33% over conventional
diesel operation—with negligible NOx emissions, poten-
tially allowing for the elimination of the SCR and ammonia
NOx after-treatment systems 1225 and 122¢. Owing to the
high cetane number of DME, injected hydrous DME can
ignite at lower temperatures than those preferred for use
with hydrous ethanol, with injected fuel temperatures of 700
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K and less being suitable, including down to ambient
temperature. This beneficially reduces high-temperature
material/performance requirements for the recuperator 106
and for fuel system components such as the injectors 112,
and eases operation under conditions where there is insuf-
ficient exhaust energy available to achieve high injected fuel
temperatures (e.g., during engine warm-up and transient
conditions). Moreover, it was found that thermal efficiency
gains are maximized, and engine-out NOx and soot emis-
sions are minimized, by maximizing the water content of the
hydrous DME. However, the hydrous DME fuel charges
need have significant mass—requiring as much as 10 times
the mass as those provided for a comparable engine system
utilizing only diesel fuel-—and thus higher-capacity injectors
are required in comparison to those used where the engine
system 10 operates using hydrous ethanol.

Similarly, hydrous hydrogen might be used as a fuel with
appropriate adjustment of the arrangement described above.
Hydrogen can be regarded as a biofuel, i.e., a fuel generated
from biomass, insofar as it is often produced via reforming
of biomass (with the hydrogen being a component of the
syngas reformation product), or as a “traditional” fuel when
produced from matter other than biomass (e.g., via elec-
trolysis of water). Hydrogen (H,) is gaseous at ambient
temperature and pressure and not easily liquified under
standard automotive conditions, and has weak water solu-
bility at ambient conditions, but water solubility greatly
increases at the pressures used in conventional automotive
hydrogen tanks (typically 350 bar or greater). Using the
foregoing engine system 10 with 4% or more hydrogen by
mass (and 96% or less water by mass), and an injected fuel
temperature of 700 K, the advantages described above
regarding use of dimethyl ether (DME) may be obtained,
save that an even greater brake thermal efficiency (BTE) of
64% or more (an improvement of 42% or more over
conventional diesel operation) is attainable. As the cetane
number of hydrogen is only slightly below that of DME (i.e.,
it ignites at a temperature only slightly above the ignition
temperature of DME), injected fuel temperatures of 750 K
and less are suitable, including down to ambient tempera-
ture. As with the prior examples, the injected hydrous fuel
mass is significantly greater than those used in a comparable
engine system utilizing only diesel fuel (again, up to
approximately 10 times a conventional injected diesel fuel
mass).

The invention is particularly suitable for use with hydrous
biofuels because such hydrous biofuels often result from
production processes, with dehydration steps then being
needed to ready the biofuels for conventional diesel use.
However, the invention need not be used with biofuels, and
may be used with conventional (refinery-produced) fuels
having added water. As an example, when the invention is
implemented with conventional petroleum-derived diesel
fuel (using 10% or more diesel fuel by mass and 90% or less
water by mass), the invention exhibits gains in brake thermal
efficiency (BTE) similar to those described above for DME,
and hydrogen. Analogous results arise when hydrous bio-
diesel (i.e., diesel biofuel) is used. Here it is notable that
many biodiesel production processes require “washing” of
unfinished biodiesel with water, followed by separation of
the water from the finished biodiesel, and the invention
might therefore allow direct use of the hydrous unfinished
biodiesel in an engine without the need to perform water
separation.

The use of hydrous forms of more highly reactive fuels,
i.e., higher-cetane fuels (such as DME, hydrogen, and (bio)
diesel) has advantages over the use of lower reactivity fuels
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(such as ethanol/alcohols, methane, and gasoline) since the
invention can tolerate higher water content in higher-cetane
fuels. Higher water content generally corresponds to higher
waste heat recovery, higher brake thermal efficiency (BTE),
and lower engine-out NOx and soot emissions.

The invention may also be suitable for use with fuels
having low-cetane, low-energy contents other than or in
addition to water, such as glycerol/glycerin, a common
byproduct of biodiesel production.

Throughout this document, where a measurement or other
value is qualified by the term “approximately,” “about,”
“nearly,” “roughly,” or the like—for example, “approxi-
mately 50% water”—this can be regarded as referring to a
variation of 10% from the noted value. Thus, as an example,
“approximately 50% water” can be understood to mean
within 5% (i.e., 10% of 50%) of 50% water.

Throughout this document, where the terms “primarily,”
“substantially,” and the like are used, these should be
regarded as meaning “in major part.” For example, a fuel
formed primarily or substantially of ethanol contains over
half ethanol.

The description set out above is merely of exemplary
preferred versions of the invention, and it is contemplated
that numerous additions and modifications can be made.
These examples should not be construed as describing the
only possible versions of the invention, and the true scope of
the invention will be defined by the claims included in any
later-filed utility patent application claiming priority from
this provisional patent application.

What is claimed is:

1. A compression ignition engine method including the
step of injecting a hydrous fuel into a cylinder of a com-
pression ignition engine to effect ignition of the hydrous fuel
within the cylinder, wherein:

a. the cylinder solely contains:

(1) air, and

(2) a hydrous fuel containing at least 20% water by
mass,

during ignition,

b. the hydrous fuel is:

(1) pressurized to a pressure of at least 50 bar,

(2) heated to a temperature of at least 550 K, and

(3) in a liquid or supercritical phase,

prior to injection into the cylinder of the compression
ignition engine.

2. The method of claim 1 wherein the hydrous fuel is
heated to a temperature of at least 550 K by exhaust gas from
the compression ignition engine.

3. The method of claim 1 wherein the hydrous fuel is
injected into the cylinder of the compression ignition engine
between 15 degrees before TDC (BTDC) and 30 degrees
after top dead center (ATDC).

4. The method of claim 1 wherein the mass of the hydrous
fuel injected into the cylinder of the compression ignition
engine is within 20% of the mass needed to effect stoichio-
metric combustion.

5. The method of claim 1 wherein the hydrous fuel
contains at least 20% alcohol by mass.

6. The method of claim 1 wherein the hydrous fuel
essentially consists of ethanol and water.

7. The method of claim 1 wherein the hydrous fuel
essentially consists of dimethyl ether (DME) and water.
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8. A compression ignition engine method including the
steps of:

a. pressurizing a hydrous fuel to a pressure of at least 50

bar,

b. heating the hydrous fuel to a temperature of at least 550

c. injecting the pressurized and heated hydrous fuel into

a cylinder of the compression ignition engine in a liquid

or supercritical phase during one or more of:

(1) a compression stroke of the compression ignition
engine, and

(2) an expansion stroke of the compression ignition
engine,

to effect ignition of the hydrous fuel within the cylinder.

9. The method of claim 8 wherein the hydrous fuel
contains at least 20% water by mass.

10. The method of claim 9 wherein the hydrous fuel
contains one or more of:

a. at least 20% alcohol by mass,

b. at least 15% dimethyl ether (DME) by mass,

c. at least 4% hydrogen (H2) by mass, and

d. at least 10% diesel fuel by mass.

11. The method of claim 10 wherein the hydrous fuel is
heated by exhaust gas from the compression ignition engine
prior to injection into the cylinder.

12. The method of claim 8 wherein the hydrous fuel is
injected into the cylinder of the compression ignition engine
between 15 degrees before TDC (BTDC) and 30 degrees
after top dead center (ATDC).

13. The method of claim 8 wherein the hydrous fuel
essentially consists of hydrous ethanol containing at least
20% water by mass.

14. The method of claim 8 wherein the hydrous fuel
essentially consists of hydrous dimethyl ether (DME) con-
taining at least 15% DME by mass.

15. A compression ignition engine system including:

a. a compression ignition engine,

b. a fuel tank configured to contain a hydrous fuel,

c. a fuel pump configured to supply the hydrous fuel to the

compression ignition engine,

d. a recuperator:

(1) situated between the fuel pump and the compression
ignition engine,

(2) configured to transfer heat from exhaust from the
compression ignition engine to the hydrous fuel,

e. an injector configured to inject the heated hydrous fuel

into a cylinder of the compression ignition engine,
wherein

i. the fuel pump is configured to pressurize the hydrous

fuel to a pressure of at least 50 bar for supply to the
injector, and

ii. the recuperator is configured to heat the hydrous fuel to

a temperature of at least 550 K.

16. The method of claim 15 wherein the hydrous fuel
contains at least 20% water by mass.

17. The method of claim 15 wherein the hydrous fuel
contains at least 20% alcohol by mass.

18. The method of claim 17 wherein the hydrous fuel
essentially consists of ethanol and water.

19. The method of claim 16 wherein the hydrous fuel
essentially consists of dimethyl ether (DME) and water.

20. The method of claim 1 wherein the hydrous fuel is
pressurized to a pressure of at least 100 bar.

* * * * *



