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1
ENGINES USING SUPERCRITICAL SYNGAS

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

This invention was made with government support under
N00014-14-1-0695 awarded by the NAVY/ONR. The gov-
ernment has certain rights in the invention.

FIELD OF THE INVENTION

This document concerns an invention relating generally to
combustion methods for internal combustion engines oper-
ating on reformed fuel, and more specifically to reactivity
controlled compression ignition (RCCI) combustion utiliz-
ing synthesis gas as a fuel.

BACKGROUND OF THE INVENTION

Reactivity controlled compression ignition (RCCI), a
promising combustion method for internal combustion
engines, can provide high efficiency with near zero nitrous
oxide (NOx) and soot emissions. See, for example, U.S. Pat.
Nos. 8,616,177, 8,851,045, 9,057,321, 9,080,501, and
9,376,955. However, a drawback of RCCI is that it requires
at least two fuels of different reactivity, for example, diesel
fuel and gasoline. RCCI engines therefore typically require
at least two fuel reservoirs (or at least one fuel reservoir, and
at least one reservoir for a reactivity-altering fuel additive).
This need for two reservoirs, and more particularly for two
fuels, has been an obstacle to widespread use of RCCI
technology.

Synthesis gas (“syngas”), a gas mixture which primarily
contains hydrogen (H2) and carbon monoxide (CO), is
useful in many applications, including use as a combustible
fuel, and/or as raw material for production of plastics, other
fuels, fertilizers, pesticides, and other materials. Syngas can
be produced from hydrocarbons (including coal, natural gas,
biomass, etc.) via a process known as “reforming.” Many
different reforming techniques are known, with perhaps the
most common being steam reformation. In steam reforma-
tion, a hydrocarbon feedstock is reacted with steam in a
“reformer,” in the presence of a catalyst, to generate syngas.

The inventors contemplated installation of a reformer
within a vehicle having an RCCI engine, or otherwise
providing a reformer in close proximity to an RCCI engine,
such that a hydrocarbon fuel (e.g., diesel fuel) could be used
as one of the RCCI fuels, and syngas could be produced for
use as the second RCCI fuel by reforming a portion of the
hydrocarbon fuel. While results were promising, premature
auto-ignition often occurred when the syngas was premixed
in the intake stream (e.g., supplying it to the intake manifold,
or otherwise supplying it upstream from the intake port),
leading to severe losses in engine efficiency. To remedy the
auto-ignition, the inventors contemplated direct injection of
syngas at high pressure near top dead center. However, this
requires compressing the gas-phase syngas to the high
pressures needed for direct injection (typically above 200
bar), and such compression requires a substantial portion of
the engine’s output power.

SUMMARY OF THE INVENTION

The invention, which is defined by the claims set forth at
the end of this document, involves reforming a first RCCI
engine fuel, for example diesel fuel, to produce syngas for
use as a second RCCI engine fuel, with the reformation

10

15

20

25

30

35

40

45

50

55

60

65

2

taking place in close proximity to the engine (e.g., both the
engine and reformer are onboard a vehicle), thereby effec-
tively allowing use of a single fuel for RCCI engine opera-
tion. Another aspect of the invention relates to reforming the
first RCCI engine fuel at high pressure to generate syngas in
a supercritical fluid state. (A supercritical fluid results when
a substance is at a pressure and temperature above its critical
point, where distinct liquid and gas phases do not exist: it
can effuse through solids like a gas, and dissolve materials
like a liquid.) Reforming is performed on the pressurized
first fuel to generate syngas above its critical pressure,
resulting in a supercritical mixture of H2 and CO. Consid-
ering diesel fuel as an exemplary first fuel, the syngas
mixture can be injected early in the combustion cycle to
create a premixed charge, with the diesel fuel being injected
later in the cycle to produce a stratified charge for RCCI.
Reforming at supercritical conditions alleviates the need to
pressurize gaseous syngas, and avoids the losses arising
therefrom.

To briefly summarize exemplary versions of the inven-
tion, supercritical syngas is produced from hydrocarbons via
reforming, and is supplied to a combustion chamber of an
internal combustion engine while in the supercritical state,
preferably via direct injection into the combustion chamber.
If desired, the engine can be operated using syngas alone,
including operation at a stoichiometric air/fuel ratio. As is
well known, diesel (compression ignition) engines run at a
lean air-to-fuel ratio (with more air than necessary to fully
react with the fuel), rather than at a stoichiometric air-to-fuel
ratio (with just the right amount of air to fully react with the
supplied fuel), because stoichiometric operation tends to
result in high unburned hydrocarbon (soot) formation. A
benefit of the invention is that syngas does not form soot,
thereby allowing stoichiometric operation without the need
for expensive exhaust after-treatment measures. However, it
is particularly preferred that the supercritical syngas and
hydrocarbons both be used for RCCI operation of the
engine, such that both the syngas and the hydrocarbons are
concurrently present in the combustion chamber as a strati-
fied mixture prior to ignition (with regions of higher hydro-
carbon concentration are spaced from regions of higher
syngas concentration). As an example, the syngas may be
produced from a portion of a diesel fuel supply and may be
directly injected into the combustion chamber sufficiently
prior to top dead center to achieve a high degree of premixed
homogeneity within the chamber, and the diesel fuel may
then be directly injected into the chamber closer to top dead
center to generate the stratified mixture.

Preferably, all of the fuel reservoir containing the hydro-
carbons, the reformer for producing the supercritical syngas
from the hydrocarbons, and the engine are provided as a
unit, that is, they are all onboard a vehicle or are otherwise
transported with each other. The reformer preferably uses
steam reforming (which technically need not use steam, and
can use water in other forms, here typically in the form of
supercritical water), and can beneficially use water captured
from the engine’s exhaust gas. The heat required by the
reformer for the reforming process can also beneficially be
supplied by the exhaust gas and/or engine heat. The reformer
therefore needs no or little energy or material supply to
sustain the process of reforming the hydrocarbon fuel.

Further advantages, features, and objects of the invention
will be apparent from the remainder of this document in
conjunction with the associated drawings.
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BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic diagram of an exemplary internal
combustion engine and reformer system useful for perfor-
mance of RCCI combustion using only a single hydrocarbon
fuel.

FIG. 2 is a schematic diagram of an exemplary internal
combustion engine and reformer system which may operate
using syngas alone or in combination with the hydrocarbon
fuel from which the syngas was produced, and which may
use either compression ignition or spark ignition.

DETAILED DESCRIPTION OF EXEMPLARY
VERSIONS OF THE INVENTION

The exemplary engine/reformer systems of the aforemen-
tioned drawings will now be reviewed. Throughout the
following discussion, exemplary temperatures and pressures
will be noted for the various fluids used in the systems. It
should be understood that these temperatures and pressures
may vary depending on the choice of components used in the
systems, the fuels used in the systems, ambient conditions,
and similar factors.

FIG. 1 illustrates an exemplary engine/reformer system
which can be used to perform RCCI operation using only a
single supplied hydrocarbon fuel (here diesel fuel, though
other hydrocarbon fuels may be used instead). Looking to
the bottom right of FIG. 1, diesel fuel (P=5 bar, T=300K)
from a pressurized reservoir (not shown) is filtered at filter
100, and then further pressurized at pump 102 to a pressure
suitable for direct injection, typically over 200 bar (here
P>250 bar, T=300K). An appropriate portion of this fuel can
then be supplied to a diesel injector 104 of a combustion
chamber 106 for use as a first RCCI fuel, while the remain-
ing portion can be reformed into syngas for use as a second
RCCI fuel. This remaining portion of the pressurized fuel is
first supplied to a heat exchanger 108 to convert the fuel to
a supercritical state (P>250 bar, T=800-1150K). The super-
critical fuel is then provided to a reformer 110 to generate
supercritical syngas (P>250 bar, T>800-1150K) consisting
of H2, CO, and other trace species. The supercritical syngas
may then be provided to a syngas injector 112 for injection
into the combustion chamber 106 at a time and amount
suitable to create a stratified diesel/syngas mixture for RCCI
combustion. Alternatively or additionally, at least some of
the syngas produced in the reformer 110 can be used as a
gaseous (non-supercritical) fuel, perhaps using other than
RCCI combustion, at least under some speed-load condi-
tions. Thus, as seen near the top right of FIG. 1, the
supercritical syngas from the reformer 110 is throttled at
valve 114 to decrease its pressure (P ~5 bar, T~800-1100K),
and cooled at cooler 116 (P ~5 bar, T~300K), for supply to
a port injector 118.

Now considering the system’s air intake, looking near the
bottom middle of FIG. 1, ambient air (P=1 bar, T=300K) is
preferably pressurized by a turbocharger 120 (P=1.5-3.5 bar,
T=300-600K). The air is then preferably cooled in an
air-to-air intercooler/heat exchanger 122 so that its tempera-
ture is closer to ambient (P=1.5-3.5 bar, T=300-350K) prior
to supply to the engine’s air intake manifold 124. The
turbocharger 120 may be omitted and the engine may simply
be naturally aspirated, but turbocharging can usefully
increase power output and efficiency.

Now considering the system’s exhaust, exhaust gas
(P=1.0-4.0 bar, T=500-1150K) from the exhaust manifold
126 is first preferably provided to a catalytic converter 128,
where an oxidation catalyst further converts any unburned
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CO and hydrocarbons (if present) to carbon dioxide and
water vapor. The hot exhaust is then supplied to the reformer
110 so that its heat assists the reforming process, and then in
turn goes to an exhaust heat exchanger 108 to further capture
“waste” heat to assist in converting the input fuel and water
into the supercritical state. As the exhaust gas cools in the
heat exchanger 108, condensing water vapor may be cap-
tured and collected in a tank 130 for use in the reforming
process, as will be described in greater detail below. Typi-
cally, during ordinary operation of the system, the exhaust
will contain more than enough water for use in the reforming
process, and any excess water may simply be jettisoned to
the surrounding environment. (Conversely, the water tank
130 may be “primed” with a small amount of water upon
first operation of the system so that sufficient water is present
to execute reforming.) The water can then be filtered at
filter(s) 100, and pumped to high pressure at pump 132 to
elevate it closer to the supercritical state (P>250 bar,
T=300K). The exhaust heat exchanger 108 can then heat the
subcritical water to the supercritical state (P>250 bar,
T=800-1150K) for supply to the reformer 110 for production
of the supercritical syngas.

Following removal of (at least some) water from the
exhaust gas at the exhaust heat exchanger 108 (P=1.5-2.5
bar, T=450-750K), the exhaust drives the input turbine of the
turbocharger 120 used to pressurize the engine’s ambient air
supply. After the exhaust leaves the turbocharger 120 (P=1
bar, T=400-650K), it may be further cooled in an exhaust-
to-air aftercooler/condenser 134 to further condense any
residual water for supply to the water tank 130. The exhaust
is then released to the environment (P=1 bar, T=300K).

Because combustion is at relatively low temperature
compared to traditional diesel combustion, NOx emissions
are low or negligible, which beneficially allows the omission
of expensive NOx exhaust after-treatment equipment. None-
theless, if desired, at least some of the exhaust may be used
for exhaust gas recirculation (EGR) for further reduction of
nitrogen oxide (NOx) emissions. Looking to the exhaust
heat exchanger 108, the portion of the exhaust gas which
does not drive the turbocharger 120 is cooled at exhaust-to-
coolant cooler 136 via heat exchange with engine coolant
(P=1.5-2.5 bar, T=350-450K). The cooled exhaust gas can
then be admitted to the intake manifold 124 as needed via
EGR valve 138.

Beneficially, the reformer 110 can typically operate using
waste exhaust/engine heat and water captured from the
exhaust. At start-up or other conditions where there is low
exhaust/engine temperature, heat may be provided to the
reformer 110 via a supplemental (electrical or other) heater
to heat the fuel and water.

FIG. 2 illustrates an exemplary engine/reformer system
which can operate solely on syngas generated from a single
supplied hydrocarbon fuel, and which can additionally or
alternatively use the hydrocarbon fuel under at least some
speed/load conditions (and which might use either compres-
sion ignition or spark ignition depending on conditions). In
this example, gasoline will be considered as the hydrocarbon
fuel, though other hydrocarbon fuels might be used instead
(diesel fuel, jet fuel, etc.). When operating solely or primar-
ily on syngas, the system can be operated at stoichiometric
conditions without significant soot emission.

Looking to the bottom right of FIG. 2, gasoline (P=5 bar,
T=300K) from a pressurized reservoir (not shown) can be
provided to port injector 218 when gasoline-only operation
is desired, e.g., at start-up and low load operation, and
possibly during transient periods during which the engine is
changing between different speed/load states. A spark plug



US 10,794,340 B2

5

240 is provided on the combustion chamber 206 to enable
standard spark-ignited gasoline operation.

To produce syngas for use as an alternative or additional
fuel, the gasoline is filtered at filter 200, and then further
pressurized at pump 202 (P>250 bar, T=300K), and heated
in heat exchanger 208, to reach a supercritical state (P>250
bar, T=800-1150 K). The supercritical fuel is then provided
to a reformer 210 to generate supercritical syngas (P>250
bar, T>800-1150K) consisting of H2, CO, and other trace
species. The supercritical syngas may then be provided to a
syngas injector 212 for injection into the combustion cham-
ber 206, where it might be ignited via compression ignition
or spark ignition, and with or without gasoline in the
chamber 206, with the ignition mode and fuel(s) being
chosen in accordance with speed/load conditions.

Now considering the system’s air intake, looking near the
bottom middle of FIG. 2, ambient air (P=1 bar, T=300K) is
preferably pressurized by a turbocharger 220 (P=1.5-3.5 bar,
T=300-600K). The air is then preferably cooled in an
air-to-air intercooler/heat exchanger 222 so that its tempera-
ture is closer to ambient (P=1.5-3.5 bar, T=300-350K) prior
to supply to the engine’s air intake manifold 224. The
turbocharger 220 may be omitted and the engine may simply
be naturally aspirated, but turbocharging can usefully
increase power output and efficiency.

Now considering the system’s exhaust, exhaust gas
(P=1.0-4.0 bar, T=500-1150K) from the exhaust manifold
226 is first preferably provided to a catalytic converter 228,
where an oxidation catalyst further converts any unburned
CO and hydrocarbons (if present) to carbon dioxide and
water vapor. The hot exhaust is then supplied to the reformer
210 so that its heat assists the reforming process, and then
in turn goes to an exhaust heat exchanger 208 to further
capture “waste” heat to assist in converting the input fuel
and water into the supercritical state. As the exhaust gas
cools in the heat exchanger 208, condensing water vapor
may be captured and collected in a tank 230 for use in the
reforming process, as will be described in greater detail
below. Typically, during ordinary operation of the system,
the exhaust will contain more than enough water for use in
the reforming process, and any excess water may simply be
jettisoned to the surrounding environment. (Conversely, the
water tank 230 may be “primed” with a small amount water
upon first operation of the system so that sufficient water is
present to execute reforming.) The water can then be filtered
at filter(s) 200, and pumped to high pressure at pump 232 to
elevate it closer to the supercritical state (P>250 bar,
T=300K). The exhaust heat exchanger 208 can then heat the
subcritical water to the supercritical state (P>250 bar,
T=800-1150K) for supply to the reformer 210 for production
of the supercritical syngas.

Following removal of (at least some) water from the
exhaust gas at the exhaust heat exchanger 208 (P=1.5-2.5
bar, T=450-750K), the exhaust drives the input turbine of the
turbocharger 220 used to pressurize the engine’s ambient air
supply. After the exhaust leaves the turbocharger 220 (P=1
bar, T=400-650K), it may be further cooled in an exhaust-
to-air aftercooler/condenser 234 to further condense any
residual water for supply to the water tank 230. The exhaust
is then released to the environment (P=1 bar, T=300K).

The system of FIG. 2 may also be adapted to incorporate
features of the system of FIG. 1. For example, the syngas
might also or alternatively be provided to a port injector
similar to the port injector 118 of FIG. 1 (and preferably after
throttling and cooling), and the gasoline might also or
alternatively be provided to a direct injector similar to the
direct injector 104 for diesel fuel in FIG. 1. If desired, the
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system of FIG. 2 could incorporate an exhaust gas recircu-
lation (EGR) system, as in FIG. 1. Features could instead be
removed; for example, the low-pressure gasoline port injec-
tor 218 might be omitted (and spark plug 240 as well),
leaving only direct injection of syngas via injector 212. In
this case, the engine would operate solely on syngas using
compression ignition either at lean or stoichiometric condi-
tions. Under lean conditions it is expected that a combina-
tion of exhaust gas recirculation (EGR), as in FIG. 1, and
Selective Catalytic Reduction (SCR) might be used for
emissions control. Under stoichiometric conditions, a three-
way catalyst (TWC) might be used for emissions control.

It should be understood that the versions of the invention
described above are merely exemplary, and the invention is
not intended to be limited to these versions. Rather, the
scope of rights to the invention is limited only by the claims
set out below, and the invention encompasses all different
versions that fall literally or equivalently within the scope of
these claims.

What is claimed is:

1. A combustion method for an internal combustion
engine, the method including the steps of:

a. producing syngas from hydrocarbons; and

b. supplying the syngas to a combustion chamber of the

internal combustion engine,

c. supplying the hydrocarbons to the combustion chamber

separately from the syngas,

wherein:

i. the step of producing syngas and the step of supply-
ing the syngas are performed at a temperature and
pressure at which the produced syngas is a super-
critical fluid, and

ii. both the syngas and the hydrocarbons are present in
the combustion chamber during combustion.

2. The method of claim 1 wherein the syngas is supplied
to the combustion chamber via direct injection.

3. The method of claim 1 further wherein the syngas is
present in the combustion chamber at a stoichiometric
air-fuel ratio during combustion.

4. The method of claim 1 wherein the hydrocarbons are
supplied to the combustion chamber of the internal com-
bustion engine after the syngas.

5. The method of claim 1 wherein the hydrocarbons and
the syngas define a stratified mixture within the combustion
chamber of the internal combustion engine during a com-
pression stroke, whereby regions of higher hydrocarbon
concentration are spaced from regions of higher syngas
concentration.

6. The method of claim 1 wherein:

a. the syngas is produced from the hydrocarbons in a

reformer; and

b. the method further includes the step of transferring heat

to the reformer from the exhaust gas, wherein the

transferred heat is the primary source of heat received
by the reformer.

7. The method of claim 1 wherein:

a. the syngas is produced from the hydrocarbons via steam

reforming, and

b. the steam reforming utilizes water captured from

exhaust gas from the internal combustion engine.

8. The method of claim 1 wherein the syngas is produced
from:

a. the hydrocarbons, and

b. water,

wherein both the hydrocarbons and the water are in a

supercritical state.
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9. A combustion method for an internal combustion
engine, the method including the steps of:

a. reforming hydrocarbons to produce supercritical syn-

gas; and

b. supplying:

(1) the supercritical syngas, and

(2) the hydrocarbons separately from the supercritical
syngas, to a combustion chamber of the internal
combustion engine, whereby the supercritical syngas
and the hydrocarbons are concurrently present in the
combustion chamber.

10. The method of claim 9 wherein the supplying step
includes directly injecting at least a portion of the super-
critical syngas into the combustion chamber of the internal
combustion engine.

11. The method of claim 9 wherein the supercritical
syngas is supplied to the combustion chamber of the internal
combustion engine prior to the hydrocarbons.

12. The method of claim 11 wherein the supercritical
syngas and the hydrocarbons are stratified within the com-
bustion chamber during a compression stroke, such that
regions of higher syngas concentration are spaced from
regions of higher hydrocarbon concentration.

13. A combustion method for an internal combustion
engine, the method including the steps of:

a. producing syngas from hydrocarbons, wherein the
syngas is a supercritical fluid from production through
injection; and

b. separately and directly injecting:

(1) the syngas, and

(2) the hydrocarbons, into a combustion chamber of the
internal combustion engine, whereby both the syngas
and the hydrocarbons are present in the combustion
chamber at the start of combustion.
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14. The method of claim 13 wherein:

a. the syngas is produced from the hydrocarbons in a

reformer; and

b. the method further includes the steps of:

(1) transferring heat to the reformer from the exhaust
gas, and

(2) supplying water to the reformer from the exhaust
gas.

15. The method of claim 14 wherein the hydrocarbons and
the syngas define a stratified mixture within the combustion
chamber of the internal combustion engine during a com-
pression stroke, whereby regions of higher hydrocarbon
concentration are spaced from regions of higher syngas
concentration.

16. The method of claim 13 wherein the hydrocarbons are
injected into the combustion chamber of the internal com-
bustion engine after the syngas.

17. The method of claim 9 further wherein the syngas is
present in the combustion chamber at a stoichiometric
air-fuel ratio during combustion.

18. The method of claim 9 wherein:

a. the syngas is produced from the hydrocarbons in a

reformer; and

b. the method further includes the step of transferring heat

to the reformer from the exhaust gas, wherein the
transferred heat is the primary source of heat received
by the reformer.

19. The method of claim 9 wherein:

a. the syngas is produced from the hydrocarbons via steam

reforming, and

b. the steam reforming utilizes water captured from

exhaust gas from the internal combustion engine.

20. The method of claim 13 further wherein the syngas is
present in the combustion chamber at a stoichiometric
air-fuel ratio during combustion.

#* #* #* #* #*



