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Plaintiff Kruse Technology Partnership hereby complains of Defendant
General Motors Corporation and alleges as follows:
I. THE PARTIES
1.  Kruse Technology Partnership (“Kruse”) is a California Limited

Partnership located at 1121 N. Cosby Way, Suite G; Anaheim, California
92806.

2. Upon information and belief, General Motors Corporation (“GM”)
is a corporation organized and existing under the laws of the State of Delaware,
having a principal place of business at 300 Renaissance Center, Detroit,
Michigan 48265.

3. Upon information and belief, GM does business in this Judicial
District, and has committed acts of infringement in this District.

II. JURISDICTION AND VENUE

4. Kruse realleges and reincorporates the allegations set forth in

paragraphs 1 through 3.

5. This cause of action arises under the patent laws of the United
States, 35 U.S.C. § 100, et seq., more particularly 35 U.S.C. § 271 and § 281.

6. Subject matter jurisdiction in this Court is proper under 28 U.S.C.
§ 1338(a).

7. Venue is proper in this District under 28 U.S.C. § 1400(b), in that
GM resides in this District and a substantial part of the events giving rise to the
claim occurred within this District.

III. FIRST CLAIM FOR RELIEF: PATENT INFRINGEMENT

(U.S. PATENT NO. 5,265,562)

8. Kruse realleges and reincorporates the allegations set forth in

paragraphs 1 through 7.
9. On November 30, 1993 the United States Patent and Trademark
Office duly and lawfully issued U.S. Patent No. 5,265,562 (“the 562 patent”)
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entitled “Internal Combustion Engine With Limited Temperature Cycle” to
Douglas C. Kruse. A true and correct copy of the *562 patent is attached hereto
- as Exhibit A.

10.  Kiruse is the owner of the 562 patent.

11.  Upon information and belief, GM has in the past and is currently
infringing the ’562 patent by making, using, selling, and offering to sell its
Duramax diesel engines embodying the patented invention. GM’s acts
constitute direct and indirect infringement of the *562 patent in violation of 35
U.S.C. § 271.

12. Upon information and belief, the infringement by GM has been
willful, intentional and deliberate with full knowledge of the *562 patent. This
is an exceptional case within the meaning of 35 U.S.C. § 285.

13. Upon information and belief, Kruse has been and will continue to
be injured by GM’s infringement of the 562 patent, and such acts will continue
unless GM is enjoined therefrom.

14.  Upon information and belief, GM has derived, received, and will
continue to derive and receive gains, profits and advantages from the aforesaid
acts of infringement in an amount that is not presently known to Kruse. By
reason of the aforesaid infringing acts, Kruse has been damaged, and is entitled

- to monetary relief in an amount to be proven at trial.
IV. SECOND CLAIM FOR RELIEF: PATENT INFRINGEMENT
(U.S. PATENT NO. 5,566,650)

15.  Kruse realleges and reincorporates the allegations set forth in

paragraphs 1 through 14.

16.  On October 22, 1996 the United States Patent and Trademark
Office duly and lawfully issued U.S. Patent No. 5,566,650 (“the *650 patent”)
entitled “Internal Combustion Engine With Limited Temperature Cycle” to

Douglas C. Kruse. A true and correct copy of the 650 patent is attached hereto
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as Exhibit B.

17.  Kruse is the owner of the *650 patent.

18. Upon information and belief, GM has in the past and is currently
infringing the ’650 patent by making, using, selling, and offering to sell its
Duramax diesel engines embodying the patented invention. GM’s acts
constitute direct and indirect infringement of the 650 patent in violation of 35
U.S.C. § 271.

19 Upon information and belief, the infringement by GM has been
willful, intentional and deliberate with full knowledge of the *650 patent. This
is an exceptional case within the meaning of 35 U.S.C. § 285.

20.  Upon information and belief, Kruse has been and will continue to
be injured by GM’s infringement of the *650 patent, and such acts will continue
unless GM is enjoined therefrom.

21.  Upon information and belief, GM has derived, received, and will
continue to derive and receive gains, profits and advantages from the aforesaid
acts of infringement in an amount that is not presently known to Kruse. By
reason of the aforesaid infringing acts, Kruse has been damaged, and is entitled
to monetary relief in an amount to be proven at trial.

V. THIRD CLAIM FOR RELIEF: PATENT INFRINGEMENT
(U.S. PATENT NO. 6,058,904)

22. Kruse realleges and reincorporates the allegations set forth in

paragraphs 1 through 21.

23.  On May 9, 2000 the United States Patent and Trademark Office
duly and lawfully issued U.S. Patent No. 6,058,904 (“the *904 patent”) entitled
“Internal Combustion Engine With Limited Temperature Cycle” to Douglas C.
Kruse. A true and correct copy of the *904 patent is attached hereto as Exhibit
C.

24.  Kruse is the owner of the‘ ’904 patent.

3.
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25.  Upon information and belief, GM has in the past and is currently
infringing the ’904 patent by making, using, selling, and offering to sell its
Duramax diesel engines embodying the patented invention. GM’s acts
constitute direct and indirect infringement of the 904 patent in violation of 35

- U.S.C. § 271.

26. Upon information and belief, the infringement by GM has been
willful, intentional and deliberate with full knowledge of the 904 patent. This
is an exceptional case within the meaning of 35 U.S.C. § 285. |

27.  Upon information and belief, Kruse has been and will continue to
be injured by GM’s infringement of the *904 patent, and such acts will continue
unless GM is enjoined therefrom.

28.  Upon information and belief, GM has derived, received, and will
continue tto derive and receive gains, profits and advantages from the aforesaid
acts of infringement in an amount that is not presently known to Kruse. By
reason of the aforesaid infringing acts, Krusé has been damaged, and is entitled
to monetary relief 1n an amount to be proven at trial. |

VI. FOURTH CLAIM FOR RELIEF: PATENT INFRINGEMENT
(U.S. PATENT NO. 6,405,704)

29. Kruse realleges and reincorporates the allegations set forth in

paragraphs 1 through 28.

30. On June 18, 2002, the United States Patent and Trademark Office
duly and lawfully issued U.S. Patent No. 6,405,704 (“the *704 patent”) entitled
“Internal Combustion Engine With Limited Temperature Cycle” to Douglas C.
Kruse. A true and correct copy of the *704 patent is attached hereto as Exhibit
D.

31.  Kruse is the owner of the *704 patent.

32.  Upon information and belief, GM has in the past and is currently
infringing the ’704 patent by making, using, selling, and offering to sell its
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Duramax diesel engines embodying the patented invention. GM’s acts
constitute direct and indirect infringement of the *704 patent in violation of 35
US.C. § 271.

| 33.  Upon information and belief, the infringement by GM has been
willful, intentional and deliberate with full knowledge of the *704 patent. This
is an exceptional case within the meaning of 35 U.S.C. § 285.

34.  Upon information and belief, Kruse has been and will continue to
be injured by GM’s infringement of the *704 patent, and such acts will continue
unless GM is enjoined therefrom.

35. Upon information and belief, GM has derived, received, and will
continue to derive and receive gains, profits and advantages from the aforesaid
acts of infringement in an amount that is not presently known to Kruse. By
reason of the aforesaid infringing acts, Kruse has been damaged, and is entitled
to monetary relief in an amount to be proven at trial.

PRAYER FOR RELIEF
WHEREFORE, Plaintiff Kruse Technology Partnership prays for a judgment

in its favor against Defendant General Motors Corporation for the following
relief:

A. For an Order adjudging GM to have directly and indirectly
infringed the *562 patent under 35 U.S.C. § 271;

B.  For a permanent injunction pursuant to 35 U.S.C. § 283 enjoining
GM, its officers, agents, servants, employees and attorneys, and those persons in
active concert or participation with the Defendant, from directly or indirectly,
infringing the *562 patent;

C.  For a recovery of Kruse’s compensatory damages pursuant to 35
U.S.C. § 284 for GM’s infringement of the *562 patent;

D.  For an Order adjudging GM to have willfully infringed the ’562
patent,
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E. For an Order adjudging GM to have directly and indirectly
infringed the *650 patent under 35 U.S.C. § 271;

F. For a permanent injunction pursuant to 35 U.S.C. § 283 enjoining
GM, its officers, agents, servants, employees and attorneys, and those persons in
active concert or participation with the Defendant, from directly or indirectly,
infringing the *650 patent;

G.  For a recovery of Kruse’s compensatory damages pursﬁant to 35
U.S.C. § 284 for GM’s infringement of the *650 patent;

H.  For an Order adjudging GM to have willfully infringed the 650
patent; '

L For an Order adjudging GM to have directly and indirectly
infringed the ’904 patent under 35 U.S.C. § 271;

J. For a permanent injunction pursuant to 35 U.S.C. § 283 enjoining
G, its officers, agents, servants, employees and attorneys, and those persons in

active concert or participation with the Defendant, from directly or indirectly,

‘infringing the 904 patent;

K.  For a recovery of Kruse’s compensatory damages pursuant to 35

U.S.C. § 284 for GM’s infringement of the *904 patent;

L.  For an Order adjudging GM to have willfully infringed the 904
patent; _ -

M. For an Order adjudging GM to have directly and indirectly
infringed the *704 patent under 35 U.S.C. § 271;

N.  For a permanent injunction pursuant to 35 U.S.C. § 283 enjoining
GM, its officers, agents, servants, employees and attorneys, and those persons in
active concert or participation with the Defendant, from directly or indirectly,
infringing the ’704 patent; |

O.  For a recovery of Kruse’s compensatory damages pursuant to 35

U.S.C. § 284 for GM’s infringement of the 704 patent;
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P.  For an Order adjudging GM to have willfully infringed the *704
patent;

Q. For an Order adjudging this an exceptional case pursuant to 35
U.S.C. § 285;

R.  For increased damages of treble the amount of actual damages
pursuant to 35 U.S.C. § 284;

S.  For an assessment of prejudgment and postjudgment interest and
costs against GM, together with an award of such interest and costs, pursuant to
35 U.S.C. § 284;

T.  For an award to Kruse of its attorneys’ fees incurred in connection
with this action pursuant to 35 U.S.C. § 285; and

U.  For such other and further relief as this Court may deem just and
proper.

Respectfully submitted,
KNOBBE, MARTENS, OLSON & BEAR, LLP

Dated; 7)@0.5«73)&@08 By: /()'G‘V‘ W %\A/\Q,\

/ ohn B. Sgang},th).
aren Vogel Weil

Jon W. Gurka
David G. Jankowski

Attorneys for Plaintiff
KRUSE TECHNOLOGY PARTNERSHIP
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JURY DEMAND
Pursuant to Fed. R. Civ. P. 38(b), Plaintiff Kruse Technology Partnership

demands a trial by jury of all issues raised by this Complaint that are triable by
| jury.

Respectfully submitted,
KNOBBE, MARTENS, OLSON & BEAR, LLP

Date(L:‘M.;\?}&OO@ By: /dbﬁ/( (. Qf‘/‘/\Qa\

B. Sganga, g
K en Vogel Weil

on W. Gurka
David G. Jankowski

Attorneys for Plaintiff
KRUSE TECHNOLOGY PARTNERSHIP

6410680
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SIATE (POINT 1)
LEGEND
P = INTAL CYL PRESSURE AT BOC
P1 CVEN INTAKE STR, PSWA
N I = INTAL FLUD TEMP AT BOC
(,; N “Mm INTAKE STR, R
B Vi = INTL CYL VOLUME AT BOC
kR = G INTAKE STR, N3
; CR = CYCLE COMPRESSION RATIO
M =GN TMAX = MAXIMUM CYCLE TEMPERATURE,
N = GMN .R
oAk = o N = ENGNE SPEED, RPM
OFR = OVERALL FUEL-TO-AR RATIO
ISENTROPKC COMPRESSION
10 POINT 2
PATH 1-2 l
LEGEND
P72 = CYL PRESSURE AT TDC COMPR
STR, PSWU
= FLUD TEMP AT TDC COMPR ST,
V2=V1/CR R
K1 V2 = CYL VOLUME AT TDC COMPR STR,
lﬁl -1 N3
ent| L2, KU = RATIO OF SPECIFIC HEATS,
NS UNBURNED MIXTURE -
NS =  [SENTROPIC EFFICIENCY
L N =  CYCLE VOLUMETRC EFFICIENCY
Fa=pi [W] WC = COMPRESSON WORK, BTU/lbm
- ow SPECIFIC HEAT, CONSTANT VOLUME,
HC=CVUTI-12) UNBURNED MIXTURE, BTU/lbm ‘R
TMA = TOTAL MASS ARFLOW, Ib/br
=(NV)(N)(VI-V2)P1/21.31T1
POINT 2
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POINT 2
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PATH 2-3
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r
OF = LOWER HEATING VALUE OF
FUEL, BTU/lbm
NC = COMBUSTION EFFICIENCY
PATH 3-4 ]
LEGEND
QCT = CONSTANT TEMP COMB
QCT=0CYC-QCV HEAT, BTU/lbm
T4=T3 P4 = CYL PRESSURE AT END OF
CONST TEMP COMB, PSW
T = FLUD TEMP AT END OF
[(fz J] CONST TEMR COMB, ‘R
Va=(V3)e () v = CYL VOLUME AT END OF
: CONST TEMP COMB, IN®
P4=P3(V3 V4 J = CONVERSION CONSTANT,
S3M) 778 fi-bi/BIU
worr= (R4 [,,,ﬁl],w R = UMVERSAL GAS CONSTANT,
J P4
fi-Ibf
Bm-R
NEXT =  EXPANSION WORK AT
CONSTANT TEMP, BTU/lbm
NT = [SOTHERMAL EFFICIENCY

FIG. 5B Ry
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BTU/Ibm R
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STATE 1 (ASSUMED IDEAL)
PERFORMANCE SUMMARY
| 4EGEND
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FIG. 5C
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1

INTERNAL COMBUSTION ENGINE WITH
LIMITED TEMPERATURE CYCLE

FIELD OF THE INVENTION

The present invention relates generally to internal
combustion engines and more particularly to expand-
able chamber piston engines operating in an open ther-
modynamic cycle.

BACKGROUND OF THE INVENTION

Automotive vehicle and engine manufacturers, fuel
injection equipment suppliers and, indeed, society as a
whole, share in the desire for efficient, effective trans-
portation. The balance between combustion processes
to produce power, and those processes which create
pollution, is best addressed by enhancing the fundamen-
tal efficiency of the engine processes.

It is well known that the ideal Carnot cycle, in which
isothermal heat addition and rejection are combined
with isentropic compression and expansion, is the most
efficient engine cycle for any given upper and lower
operating temperatures. However, the Carnot cycle is
not practical for an expanding chamber piston engine
due to the very high (over 50:1) compression ratio re-
quired to produce significant power. Nevertheless, a
practical process which could make some use of the
highly efficient Carnot process would be an advance in
the art.

The most practical engine, and thus presently the
most predominant, is the Otto cycle engine which in-
cludes a compression process of a fuel-air mixture fol-
lowed by unregulated combustion. It is well known that
for a given compression ratio the ideal Otto cycle is the
most efficient expanding chamber piston engine since
the Otto cycle combines high peak temperature with a
practical average temperature of heat input. However,
the high peak combustion temperature of an Otto en-
gine can cause auto-ignition of a portion of the fuel-air
mixture, resulting in engine noise and damage to the
engine, as well as the creation of excess amounts of
undesired NOx.

In the past, auto-ignition in Otto cycle engines was
reduced by use of chemical additives to the fuel such as
lead compounds (no longer permitted by law), manga-
nese compounds (which cause spark plug deposits to
build up, resulting in misfire), benzene (the use of which
is presently being curtailed by legislative mandate) or
fuel reformulations to prevent deleterious auto-ignition
while meeting environmental goals. Auto-ignition can
also be reduced by limiting the combustion tempera-
ture, either through use of a lower compression ratio
(which reduces both power and efficiency), or by ex-
haust gas recirculation, lean-burn or stratified charge
techniques, all of which cause power loss.

For general purpose road use, the engines of emis-
sion-constrained passenger cars are presently limited to
useful compression of about 10:1. Above that limit the
increased cost of the fuel control system and the addi-
tional cost of more platinum or rhodium for exhaust
catalytic converters generally outweighs the benefit of
higher compression ratios. A technology which would
allow a practical Otto compression process to operate at
compression ratios higher than 10:1 would be an ad-
vance in the art.

An improvement on the Otto cycle, as represented by
a higher useful compression ratio, is an ideal Diesel
cycle comprising isothermal heat addition and isochoric

Exhibit A
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(constant volume) heat rejection combined with isen-
tropic compression and expansion. This ideal Diesel
cycle overcomes the fuel octane limit of the Otto cycle
by utilizing air alone for the compression process and
mixing the fuel with the process air as part of the com-
bustion process. This allows use of a low octane-rated
fuel, but requires cetane-rated fuel (enhanced auto-igni-
tion). However, the isothermal process of the aforedes-
cribed ideal Diesel cycle was found to be impractical,
due to the extremely high compression ratio (50:1) re-
quired, and an alternate heat addition process (isobaric
or constant pressure) was put into practice.

Another variation on the ideal Diesel cycle is the
ideal limited pressure cycle including combined iso-
choric and isobaric heat addition, and isochoric heat
rejection combined with isentropic compression and
expansion. This combustion process allows an engine to
be operated at moderate compression ratios (14:1t0 17:1
for large open chamber engines) as well as high com-
pression ratios (20:1 to 25:1 for small displacement en-
gines).

While Diesel-type engines are fuel efficient, due to
their high compression ratio, they tend to be heavier
and lower in power than an Otto engine of the same
displacement. In addition, all direct injection engines of
the Diesel type suffer from an ignition lag which re-
duces the control and effectiveness of the combustion
process. One way to overcome this ignition lag is to
preheat the fuel to 1,500° R before injection. This pro-
duces hypergolic combustion upon injection, but is an
impractical method due to the short service life of the
injector nozzle.

Hybrid engine processes have been developed incor-
porating characteristics of both diesel and spark ignition
engines but these have proven impractical for road use.
Examples of these hybrid processes include the Texaco
TCCS, the Ford PROCO, Ricardo, MAN-FM and the
KHD-AD. All employ open chamber, direct injection
spark ignition engines using stratified charge techniques
to improve efficiency. These developmental engines
suffer substantial power loss because of ignition lag,
incomplete utilization of the process air and poor mix-
ing of the fuel/air charge.

Because the limits of current technology are thus
being reached, there exists a need for an internal com-
bustion engine that will provide a better balance be-
tween power production, fuel efficiency, pollution cre-
ation and pollution control by use of a more practical
combination of thermodynamic processes.

SUMMARY OF THE INVENTION

Basically, the present invention meets the foregoing
requirements and constraints by utilizing a new combi-
nation of thermodynamic processes which limits maxi-
mum combustion temperature, thereby enabling an
internal combustion engine to operate at a higher com-
pression ratio, a higher power output or a lower peak
temperature with a given fuel. )

Broadly, in accordance with one exemplary embodi-
ment, the invention is practiced by controlling the fuel
quantity and injection timing of a direct injection sys-
tem in an internal combustion engine, so as to produce
a combustion process consisting of a constant volume
(isochoric) phase and a constant temperature (isother-
mal) phase. The limited temperature engine cycle so
achieved allows the use of substantially higher com-
pression ratios with a given fuel or with a given NOx
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emission limit, thereby providing a higher practical
thermal efficiency than the standard lower compression
ratio Otto cycle when measured by fuel/air analysis or
by analyzing the test data of an actual engine.

In addition, the limited temperature cycle so
achieved allows a higher power output and a lower
NOXx creation rate at a given compression ratio with a
Jow quality fuel.

In accordance with another aspect of the invention,
there is provided a new method of operating an expand-
ing chamber internal combustion piston engine for pro-
viding limited temperature combustion. Such an engine
includes at least one cylinder and an associated piston
for forming a combustion chamber with the piston hav-
ing a top dead center position; an operating cycle in-
cluding an intake stroke, a compression stroke and an
expansion stroke; and a fuel introduction system. The
method of operating the engine pursuant to the inven-
tion comprises the steps of first forming a predeter-
mined fuel/air mixture by introducing a predetermined
fraction in one or more discrete quantities of the total
fuel necessary for complete combustion of the process
air. Next, the relatively lean fuel/air mixture so intro-
duced is ignited when the piston is substantially at top
dead center, this first phase of combustion thereby com-
prising a substantially isochoric or constant volume
process. The fuel supplied for the isochoric process is an
amount which will produce a greatly reduced tempera-
ture of the working fluid, as low as 3,300 degrees Ran-
kine, or less, even at high compression ratios. Last,
there is introduced, substantially at the beginning of the
expansion stroke, a second fraction (in one or more
discrete quantities) of the total fuel necessary for com-
plete combustion. The combustion resulting from the
introduction of the second fraction is a substantially
isothermal process. The isothermal process occurs at a
temperature which is significantly less than that attained
in a comparable Otto cycle engine having the same or a
substantially lower compression ratio. NOy emissions
are thereby limited and such reduction is obtained at
lower cost than existing systems.

Those skilled in the art will recognize that the
method of the present invention makes use of the Otto
process for the first phase of the heat input or combus-
tion process and the Carnot process for the second
phase of heat input or combustion process. Comparison
of the operating cycle of the invention with the stan-
dard Otto cycle using ideal fuel/air analysis shows an
unexpected benefit from the invention: the overall oper-
ating efficiency of an engine (with a given compression
ratio) will be greater using the limited temperature
cycle of the present invention than when using the Otto
cycle, when high temperature losses are considered.
This increase in efficiency at a given compression ratio
is a benefit derived from reduced cycle temperature.

Another advantage of the present invention is that it
allows an engine to be operated more efficiently (at a
higher compression ratio) than is possible with present
engines. The most readily available motor vehicle gaso-
line fuels have combustion quality ratings of about 90
octane, which generally limits many engines to a com-
pression ratio of about 10:1 for public road use. Since
octane rating is indirectly related to high combustion
temperature (high operating temperatures require high
octane fuel), and the invention reduces the operating
temperature, it follows that the invention enables the
use of a higher engine compression ratio with a com-
mensurate gain in engine efficiency.
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In sum, the method of the present invention allows a
practical engine to make use of an ideal process: during
the isothermal combustion process, heat energy is con-
verted directly to work. The invention utilizes present
engine design and materials and may be practiced by
modifying existing internal combustion engines to in-
corporate the desired compression ratio and appropri-
ate fuel introduction systems.

BRIEF DESCRIPTION OF THE DRAWINGS

Further objects, advantages and features of the inven-
tion will become evident from the detailed description
of the preferred embodiment when read in conjunction
with the accompanying drawings in which:

FIG. 1 is a schematic representation of a portion of a
four-cycle internal combustion engine utilizing the prin-
ciples of the present invention;

FIG. 2 is a side elevation view, in cross section, of a
solenoid-operated fuel injector which may be used in
the engine depicted in FIG. 1, the injector including a
plunger cam providing fuel injection volumes and rates
in accordance with the present invention;

FIG. 3 includes plots of (1) fuel injector plunger lift
versus engine crank angle and (2) injected fuel volumes
versus engine crank angle in accordance with one exem-
plary operating condition of an engine in accordance
with the present invention;

FIG. 4 shows pressure-volume and related engine
cycle diagrams further explaining the cycle of the pres-
ent invention;

FIGS. 5A-5C together depict a flow chart showing
steps for analyzing the engine cycle of the present in-
vention and for calculating engine performance and
other operating parameters;

FIG. 6 includes plots of percent fuel supplied for
constant temperature combustion vs. compression ratio
for two maximum temperatures (3,300° R and 4,000° R),

FIG. 7 is a plot of heat release rate vs. crank shaft
angle for a process according to the invention having a
maximum temperature of 3,300° R; and

FIG. 8 shows pressure-volume and related engine
cycle diagrams relating to another embodiment of the
invention.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

With reference to FIG. 1, there is shown in schematic
form a normally aspirated, four-cycle spark ignition
engine 10 employing the teachings of the present inven-
tion. It will become evident to those skilled in the art
that the advantages of the invention may be realized
with two-cycle spark ignition engines, as well as Wan-
kel rotary-type engines and those that are turbo- or
supercharged. Further, although a single cylinder is
shown in FIG. 1 for simplicity, it will be understood
that an engine incorporating the invention will typically
have multiple cylinders.

The engine 10 comprises a block 12, a cylinder head
14 and a cylinder 16 having a piston 18 adapted to recip-
rocate between top and bottom dead centers within the
cylinder 16 to define with the cylinder 16 a combustion
chamber 20. The reciprocating motion of the piston 18
is converted to rotational output motion by means of a
connecting rod 22 and a crankshaft assembly 24, all as
well known in the art. As will be explained in greater
detail below, in accordance with the invention the com-
pression ratio of the engine 10 will typically be substan-
tially higher than that of a conventional automotive
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spark ignition internal combustion engine. For example,
while a conventional engine may have a compression
ratio of 8:1 to 10:1, an engine employing the teachings
of the present invention may have a compression ratio
of 18:1.

The engine 10 further includes an air induction sys-
tem 26 including an air intake valve 28 in the cylinder
head 14. The valve 28, along with an exhaust valve (not
visible in FIG. 1), is actuated by a conventional cam
shaft 30 and related valve train mechanism 32. Also
mounted in the cylinder head 14 is a spark plug 34
whose energization is controlled and timed by means
well known in the art.

Referring now also to FIG. 2, fuel is supplied to the
engine 10 by a fuel injection system 36 which precisely
regulates the fuel/air mixture for combustion and ex-
haust emission control. The fuel injection system 36
includes an electrically actuated fuel injection pump 38
installed in or adjacent to the cylinder head 14 and
adapted to inject predetermined quantities of fuel di-
rectly into the combustion chamber 20 via an injection
line 40 and an injector nozzle 41 terminating inside the
combustion chamber 20 and adjacent to the spark plug
34. The injector pump 38 may, for example, take the
form of a Model 200 fuel injection unit manufactured by
AMBAC International, with a modified cam as de-
scribed below and the addition of a solenoid 44. The
injector pump 38 has a fuel spill valve 42 operated
against the bias of a spring 43 by the solenoid 44 ener-
gizable by a solenoid drive unit (SDU) 46. The drive
unit 46 is in turn controlled by an electronic control unit
(ECU) 48 which monitors, by means of appropriate
sensors, selected engine operating conditions such as
intake and exhaust manifold pressures, engine speed,
ignition firing position, throttle position, engine temper-
ature, and so forth. Electrical signals representing these
conditions are applied as inputs 50 to the control unit 48.
As is known in the art, the electronic control unit 48,
based on the multiple inputs 50, electronically calculates
the timing and metering of the fuel introduced into the
combustion chamber 20 by the injection pump 38.

Fuel is supplied to the fuel injector unit 38 by a feed
pump (not shown) through a fuel line 52 at a sufficiently
high pressure to produce proper fuel flow and to pre-
vent vapor formation in the fuel system during extended
high-temperature operation. When the solenoid 44 is
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energized by the solenoid drive unit 46, the valve 42 .

closes and, because the displacement of the plunger 54 is
known, the fuel quantity injected is controlled solely by
varying the injector pulse width, that is, the duration
the valve 42 is held closed.

The injector pump 38 includes a piston type pumping
plunger 54 actuated by a cam 56 having a cam follower
surface or cam lobe 58 in engagement with the plunger
54, the cam 56 is rotatable at engine crank shaft speed.

As shown in FIG. 3, the cam 56 has a lift profile, as a
function of crank angle, having a first linear portion 60
rising from a base circle 62 to a maximum lift of about }
inch through an angular crank displacement of about
180°, and a second linear portion 64 dropping back to
the base circle in about 60° of crank displacement.

FIG. 3 shows a fuel injection schedule for a single,
exemplary operating condition, namely, wide open
throttle for a Limited Temperature Cycle, four-cycle
engine having a compression ratio of 18:1 and a peak
temperature of about 3,300° R. The fuel injection sched-
ule of FIG. 3 provides for two successive injections of
fuel volumes A and B. As already explained, the fuel
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volumes A and B are functions only of the durations
that the injector 38 is active, as determined by the elec-
tronic contro} unit 48.

Usually, a fuel injection pump is driven at camshaft
speed, that is, at one half engine crankshaft speed. Here,
the pump is rotated at engine crankshaft speed with the
embodiment shown in FIG. 2 having its cam lobe 58
starting its lift essentially at the beginning of the engine
intake stroke (0°). This provides a first fuel injection
volume (shown as A in FIG. 3) during the intake stroke,
similar to an Otto engine. The pump cam §6 completes
its first rotation at the end of the engine compression
stoke (360°). The next rotation of the pump cam 56 will
inject the second fuel volume (volume B) during the
power stroke in a manner which produces essentially
constant temperature combustion.

Fuel volume A, comprising about 56% of the total
fuel required for complete combustion of the process
air, is injected during the intake stroke of the piston 18
between about 10° and 120° (engine crank angle) after
top dead center. Substantially at the end of the compres-
sion stroke (360° or top dead center), the second vol-
ume, B, comprising the remaining 44% of the total
amount of fuel required for complete combustion, is
injected, such second injection terminating at about 60°
after TDC, i.e., at about 420°, Ignition by the spark plug
34 in the example under consideration will typically be
provided at 5° to 10° before top dead center.

The combustion of the fuel/air mixture based on
injected volume A comprises a first combustion phase
which, as in the standard Otto cycle, is a substantially
constant volume process. The first combustion phase
will, of course, comprise a very lean mixture which, in
the absence of the second phase of combustion to be
described, would tend to markedly reduce engine
power, The combustion of fuel volume B takes place at
substantially constant temperature, that is, isothermally,
providing both power and efficiency. It has been deter-
mined that the temperature at which this second com-
bustion phase takes place is limited and less than that
which would be attained in a standard Otto cycle en-
gine of even modest compression ratio, for example, 8:1
or 10:1. Thus, the limited temperature cycle of the pres-
ent invention permits the designer to dramatically in-
crease the compression ratio of an engine for a given
fuel, for example, to as high as about 18:1, providing all
of the advantages, including high efficiency and power
output, derived from a high compression ratio engine
without the thermal, detonation and emission penalties.

A majority of the fuel is pre-mixed, generally 50% to
90%, for constant volume combustion. This first pro-
cess is combined with a second fuel portion supplied
during the combustion process at a rate to, first, limit
maximum pressure, and second, limit maximum cylin-
der temperature.

The engine cycle of the present invention has a
higher thermal efficiency than a Carnot cycle with the
same average temperature of heat input.

FIG. 4 shows three engine cycle diagrams (pressure-
volume, temperature volume, and temperature-
entropy) comparing examples of the limited tempera-
ture cycle of the present invention for two maximum
combustion chamber temperatures (Tmax), namely,
3,300° R and 4,300° R. The engine cycle of the first
example (Tmax=3,300° R) is defined by the points
1-2-3-4-5-1 in the diagrams of FIG. 4 and that of the
second example (Tmax=4300° R) by the points
1-2-3'-4'-5'-1. In FIG. 4, path 1-2 is an 18:1 isentropic
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compression and paths 2-3 and 2-3’ are constant volume
combustion processes using, in the first example, 56% of
the fuel necessary for complete combustion of the pro-
cess air. Paths 3-4 and 3'-4' are isothermal processes
using, in the first example, the remaining 44% of the
fuel. Paths 4-5 and 4'-5' are isentropic expansion pro-
cesses and paths 5-1 and 5'-1 are constant volume ex-
haust processes.

Using the ideal fuel/air analysis of FIGS. 5A-5C, the
conditions or states at each point for the two examples
of FIG. 4 may be calculated as follows:

FIRST EXAMPLE

CR = 18.0 Tyyax = 3300° R.
Point 1 — Initial Conditions at BDC, Intake Stroke:

P1 = 14.7 psia

M1 = 50.3 in3

T1 = 530°R.

N = 2000 RPM
Ng = 95

F/4 = 0416

M, = 130 1b/hr
LHV = 18,300 Btu/lb
Ny = 100%
NCOMB = 100%
where:

Pl = initia] pressure

initial volume

Tl initial temperature

N = engine speed

N; = compression/expansion efficiency
F/A4 = fuel air ratio

Ma = air mass flow

LHV = fuel lower heating value

N, = volumetric efficiency

NCOMB = combustion efficiency

Nv = volumetric efficiency

NCOMB = combustion efficiency
Point 2 - Following Isentropic Compression (Path 1-2):

Ko = 137
Cyairy = -186 Btu/lbm — °R.
V2 = VI/CR = 5?53 = 279 ind
K-1
() -
n=n{——F——-+1|=

37
530[-‘18——9-15—"—‘- 41 :|= 1597° R

/.4

4t ) = 147 (18)'37 = 771 psia

P2=P1(———

n

WC = CLT1 — T2) = .186(530 — 1597) = —198 Btu/lbm
Point 3 - Following Limited Temp. Comb. @ Constant Volume
(Path 2-3):

T3 = Tmax = 3300° R.

P3 = PNT3/T2) = (771)( 300 ): 1593 psia

Cyex) = .242 Btu/lbm" R.

V3= 12 =279in}

QOcy = CAT3 — T2) = .242(3300 — 1597) = 412 Btu/Ibm
My = F/A(Ma) = (.0416)(130) = 5.408 Ib/hr

Oror = (MXLHV) = (5.408K18,300) = 98.966 Btu/hr
___wxeron
QLELE.‘ 0+ OFAR(THMD =

(1.0)(98,966)  _
oATor 30 = 731 Buu/lbm

Qe Qeyele = 412/731 = 56.4% «— % of comb at c.v.
Point 4 - Foliowing Constant Temperature
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-continued
Combustion and Expansion (Path 3-4):
Qct = Qepele — Qov = 731 —~ 412 = 319 Btu/lbm « (43.6% at C.T.
T4 = T3 = 3300° R.

J
Qc:-,m-) 319)(778
Va = (13) c( (2.79)e 755 1033007

P4 = PB( £} ): 1593( )=3S9psia
(m £ )Nr=

(5340300) (1593 )(95) 303 Buu/lbm

= 1141 in?

2.79
11.41

RYT4
WcrE = 7

Point 5 - Following Isentropic Expansion (Path 4-5):

Kex = 1.26
Cpex = 325
Copx = 25
= ¥ = 503 in3
K—1
()
1.26—1

3300[1 — 85 (1 - ‘—"55%7—-—)1: 2297° R.

Kex 1.26
PS5 = P4( b ) = 389(‘—516%1-) = 60 psia

Wgy = CAT4 — T5) = .25(3300 — 2297) = 251 Btu/lbm

Performance Summary of Cycle of First Example:
Wpey = WC ~ WEXT + WEX = —198 + 303 + 251 =

356 Btu/Ibm
(1 + F/A)YMa) Wnep)
1HP = 2545 =
(1.0416)(130)(356)  _
G = 18.94 HP
__(192.0000JHP) _ _
IMEP = =~ — =
792000)(18.94)  _ y5g o
@000)503 — 279y — o p%
Waner 356
Neye = EOT =T = 48.7%

Point 1 - Initial Conditions at BDC, Intake Stroke:

Same as first example.

Point 2 - Following Isentropic Compression (Path 1-2):
Same as first example.

Point 3’ - Following Limited Temp. Comb. @ Constant
Volume (Path 2-3'):

= Timax = 4300° R.

P¥ = PATY/T2) = (771)( 820 )= 2076 psia

Cylexh) = 242 Btu/]bm R.

V3 =12 =279’
Qo = CAT3 — T2) = .242(4300 — 1597) = 654 Btu/lbm
My = F/A(Ma) = (0.416)(130) = 5.408 lb/hr

Point 1 - Initial Conditions at BDC, Intake Stroke:

Same as first example.
Point 2 - Following Isentropic Compression (Path 1-2):
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9 10
-continued -continued
Same as first example. 1.26-1
Point 3 - Following Limited Temp. Comb. @ Constant 4300 [1 _ 95 (, _ 262 0 ]= 2275° R.
Volume (Path 2-3"): 503
T3y = Tmax = 4300° R. 5
Kex 1.26
4300 PS5 = P4 (%) = 1600 (-g%) = 58 psia
Py = PAT3/T2) = (T71) (ﬁg—f)= 2076 psia ’
Wiy = CAT4' — T5') = 25(4300 — 2275) = 506 Btu/lbm
Cylexh) = .242 Bw/Ibm® R. 10
V3 = 12 = 2.79 in3 Performance Summary of Cycle of Second Example:
Oc, = CATY — T2) = .242(4300 — 1597) = 654 Btu/Ibm Wper = WC + WEXT + WEX = —198 + 72.9 + 506 =
My = F/A(Ma) = (0.416)(130) = 5.408 Ib/hr
Qror = (MLHV) = (5.408)(18,300) = 98.966 Btu/hr 381 Bru/lbm
(NK@TOD 15 p o (Lt FAMO o)
Qodde = T+ OFARXTMA) 2545
(Q0M61303ED)  _ 5057 Hp
(1.0)(98.966)  _ 331 Beu/lbm 2545
(1.0416)(130) 20
_ {792000)JHP)
IMEP = =(0m - v2)
Qev/Qeycle = 654/731 = 89.5% « % of comb at c.v.
Point 4’ - Following Constant Temperature 792000)(20.27 = 169 psia
{2000)(50.3 — 2.79) P
Combustion and Expansion (Path 3'-47): A
%{ = Quycte — Coy = 731 ~ 654 = 77 Bru/lom —— (10.5% a1 CT) 5 N P o
4 = T3 = 4300° R. e =g T 78 T
( QciJ In another embodiment of the invention, the fuel
. . 77178 . . . . ’
Ve = (V3)e( 4 )= (2~79)eé37)f(z37.% = 3.621in’ supplied for the isochoric event may be an amount
30 which will produce a temperature of the working fluid
of around 4,000 degrees Rankine, somewhat less than
Py = PY (%): 2076 (%): 1600 psia that produced by unconstrained combustion, with the
) remainder of the fuel supplied proportional to the in-
crease in volume during the power stroke, to produce
35 essentially isothermal combustion. This embodiment

RY(T4 F3
were = RUL (1023

)1\'7‘ =

(53.4)(4300) | (%)(.95) = 72.9 Bru/Ibm

778

Point 4’ - Following Isen Temperature
Combustion and Expansion (Path 3'-4'):

Qct = Qeycle — Coy = 731 — 654 = 77 Btu/lbm « (10.5% at C.T))
T4 = T3 = 4300° R.

gct.l
Va' = (13 e = (2.79)e

7778

— i3
Giayaig — >

e[ BB 279 Y_ .
P4 = P3 ( 7y )— 2076 (——3.62 )- 1600 psia

(R)(T4) Py Yn
Wcre = ~ (ln T )1\ =

(53.4%4300) | (M)(_gs) = 72.9 Btu/lbm

778 1600

Point §' - Following Isentropic Expansion (Path 4'-5):

Kex = 126
Cpex = 325

o[- () )
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will produce high power, while avoiding detonation at
higher compression ratios.

FIG. 6 shows plots for two maximum combustion
temperatures (3,300° R and 4,000° R), of percent fuel
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tion of compression ratios ranging from 8:1 to 24:1.

FIG. 7 is a plot of heat release rate as a function of
engine crankshaft angle for a maximum combustion
temperature of 3,300° R (First Example, above). A first
portion 70 of this plot shows the heat release rate for the
constant volume process (path 2-3 in FIG. 4). A second
portion 72 of the plot shows the heat release rate for the
isothermal process (path 3-4 in FIG. 4).

With reference again to FIG. 3, it will be evident to
those skilled in the art that the invention may be applied
to two cycle engines simply by scheduling the first
injection (volume A) to take place at the beginning of
the compression stroke and the second injection (vol-
ume B) to take place as in the four cycle engine. In the
two cycle application, the active portion of the cam
lobe must extend from the beginning of the compression
stroke to the end of the isothermal combustion process.
Since this is an extended duration with a significant
non-utilized portion of the lift ramp, a constant radius
portion on the cam can be used to avoid excessively
high total cam lobe dimensions.

Instead of a fuel injection pump (as shown in FIG. 2)
those skilled in the art will understand that a solenoid-
controlled unit injector can be used or, as a further
alternative, a common rail fuel injection system, fed by
a constant-flow, high-pressure pump, can be utilized
with the injectors independently controlled by sole-
noids. Still further, it will be obvious to those skilled in
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the art that piezoelectric actuators may be substituted
for the solenoids where very short injector energization
times (that is, small fuel quantities) are required. Piezo-
electric actuators may also be utilized to provide a
higher degree of control over injection since such injec-
tors may be used to inject multiple discrete quantities
with the result that the process will more closely follow
the ideal isothermal process paths. In accordance with
yet another alternative, a piezoelectric device may be
substituted for the pump plunger in a unit injector, thus
eliminating the requirement for a cam to actuate the
injector. To make such an application of a piezoelectric
actuator practical, the piezoelectric device would be
actuated multiple times (for example, 100 times) by the
electronic control unit in order to inject the required
total fuel quantities with a practical size piezoelectric
element.

It will also be appreciated that the process diagrams
of FIG. 4 show ideal processes. Real engine paths will
depart to some extent from the ideal cycles shown due
to timing, heat and friction losses. These factors will
manifest themselves in the cycle diagram as, for exam-
ple, rounded corners and displacements of the process
lines.

To practice the present invention, it is also possible to
combine a standard carburetor fuel introduction system
with an injector. With reference to the example of F1G.
3, with such a system, the carburetor would supply the
first quantity (volume A) and the injector would supply
the second quantity (volume B). The use of an injector
for introducing both fuel charges is preferred, however,
to minimize cost.

The invention can also be put into practice in combi-

nation with existing Otto, Diesel, lean-burn or stratified
charge engine processes in the same engine at different
loads or different operating conditions.

In some applications there will be a value to limiting
maximum cylinder pressure. In that instance, the inven-
tion can make use of a further embodiment: a combina-
tion of constant volume combustion, constant pressure
combustion, and constant temperature combustion. In
this embodiment of the invention, heat is released dur-
ing the constant volume process in such an amount as to
reach the preferred pressure limit. Heat is then added at
constant pressure until the preferred maximum tempera-
ture is reached. The remaining heat is added isother-
mally. An example of such an embodiment is shown in
the process diagrams of FIG. 8. An engine operated in
accordance with this embodiment will include, with
reference to FIG. 8, the following process paths: path
1-2 is an isothermal compression process during which
fuel is supplied. The fuel supplied early in the compres-
sion process serves two purposes: first, the heat of va-
porization reduces the work of compression, second the
combustion temperature is reduced proportional to the
cooling provided by the fuel, and third, the early injec-
tion allows time for preflame reactions to take place
prior to the ignition time, thus reducing ignition lag (a
significant problem for Diesel or other predominantly
direct injection hybrid systems). Path 2-3 is an isentro-
pic compression process, as already explained; path 34
is an isochoric combustion process with maximum pres-
sure limited to a preselected value by proportioning fuel
quantity A (FIG. 3); path 4-5 is a constant pressure, i.e,
isobaric, process provided by a first portion of fuel
fraction B (FIG. 3), said portion being of an amount so
as to continue isobaric combustion until the preselected
maximum combustion temperature is reached; path 5-6
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is an isothermal combustion process at the preselected
maximum combustion temperature; path 6-7 is an isen-
tropic expansion process; and path 7-1 is an isochoric
exhaust process. Each of the fuel introductions can
comprise one or more discrete quantities so as to follow
the ideal processes as closely as practicable.

With reference once again to FIG. 3, an additional
embodiment of the invention can be put into practice by
subdividing the first fraction (volume A) of the total
fuel quantity into one or more discrete injected fuel
portions. For example, if two such portions were used,
these would be designated portions A’ and A", the sum
of these two portions equalling the volume A. In accor-
dance with one example of this embodiment, the first
fuel portion A’, comprising 40% of the total fuel, would
be injected during the interval from 10° to 80° of engine
crank shaft rotation and the second fuel portion A",
comprising 16% of the total fuel, would be injected
during the interval from 320° to 350° of engine crank
rotation. This embodiment provides a chemically cor-
rect fuel/air mixture surrounding the spark plug for the
first phase of combustion serving to extend the lean
misfire limit as well as further reducing the creation of
NO, by avoiding the presence of unburned oxygen in
the first combustion phase.

It will also be understood that the invention can be
used with various fuels such as natural gas, diesel, gaso-
line and methanol, as well as with multiple fuels includ-
ing, for example, a combination of natural gas for the
constant volume heat release process and diesel fuel for
the isothermal heat release process.

What is claimed is:

1. A method of operating an internal combustion
expanding chamber piston engine for providing limited
temperature combustion, said engine having (1) at least
one cylinder and an associated piston for forming a
combustion chamber, said piston having a top dead
center position, (2) an operating cycle including an
intake stroke, a compression stroke and an expansion
stroke, and (3) a fuel introduction system, said method
comprising the steps of:

forming a predetermined fuel/air mixture by intro-

ducing a predetermined fraction of the tota] fuel
required for complete combustion of the process
air in the combustion chamber;

igniting said fuel/air mixture when the piston is sub-

stantially at top dead center; and

introducing substantially at the beginning of the ex-

pansion stroke, a second fraction of the total fuel
required for complete combustion,

wherein the combustion of the fuel/air mixture re-

sulting from the fuel first introduced is a substan-
tially constant volume process; and

wherein the combustion as a result of the introduc-

tion of the second fraction is a substantially isother-
mal process.

2. A method, as defined in claims 1, in which:

the fuel is introduced by direct injection.

3. A method, as defined in claim 1, wherein:

the first mentioned predetermined fraction of the

total fuel is introduced during the compression
stroke to provide an isothermal compression pro-
cess.

4. A method, as described in claim 3, wherein:

the combustion of said first mentioned predetermined

fraction is limited to a preselected maximum pres-
sure; and wherein,
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the second fraction of the total fuel is supplied so as to
provide, first, constant pressure combustion until a
preselected maximum combustion temperature is
reached, and secondly, isothermal combustion at
said preselected maximum temperature.

5. A spark ignition internal combustion engine includ-
ing a combustion chamber, said engine having an oper-
ating cycle including a heat input phase comprising a
substantially constant volume combustion process fol-
lowed by a substantially isothermal combustion process.

6. A spark ignition internal combustion engine, as
defined in claim 5, including means for injecting fuel
directly into said combustion chamber in phase relation-
ship to provide said substantially constant volume and
substantially isothermal combustion processes.

7. A spark ignition internal combustion engine, as
defined in claim 6, including:

means operatively associated with said fuel injecting

means for controlling injection scheduling, timing
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and rate, said controlling means being adapted to

provide:

(1) a first injection, made up of one or more dis-
crete quantities, comprising a predetermined
fraction of the total of fuel required for complete
combustion of the process air, combustion of said
first injected amount of fuel comprising said
substantially constant volume combustion pro-
cess; and

(2) a second injection, made up of one or more
discrete quantities, comprising a second fraction
of the total fuel necessary for said complete com-
bustion, combustion of said second injected
amount of fuel comprising said substantially iso-
thermal combustion process.

8. A spark ignition internal combustion engine, as
defined in claim 7, in which:
said second fraction comprises the remainder of the

total fuel necessary for complete combustion.
* * * * *
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SHATE (POINT 1)

LEGEND
P! = INTAL CYL PRESSURE AT BOC
o ey INTAKE STR, PSU
= TI = INTAL FLUID TEMP AT BDC
71 = GVEN INTAKE STR, 'R
vie = GVEN Vi = INTAL CYL VOLUME AT BOC
(R = GMN INTAKE STR, IN3
CR = CYCLE COMPRESSION RATIO
A = GNVEN TMAY =  MAXMUM CYCLE TEMPERATURE
N = GVEN 4
OFAR = GIVEN N = ENGINE SPEED, RPM
OFAR =  OVERALL FUEL—TO—AIR RATIO
ISENTROPIC _COMPRESSION
10 POINT 2
PATH 1-2 [
LEGEND
P2 = (YL PRESSURE AT TOC COMPR
STR, PSH
12 = FLUD TEMP AT TDC COMPR STR
Vo=V1,/CR R
et V2 = CYL VOLUME AT TDC COMPR STR,
lﬁl 5 w3 |
1o=11| %2 41 KU = RATIO OF SPECIFIC HEATS,
NS UNBURNED MIXTURE
NS =  ISENTROPIC EFFICIENCY
w N = CYCLE VOLUMETRIC EFFICIENCY
P2=PI {-‘52’—} WC = COMPRESSION WORK, BTU/lbm
CW =  SPECIFIC HEAT, CONSTANT VOLUME,
WC=CVU(T1-T2) UNBURNED MIXTURE, BTU/Ibm ‘R
TMA = TOTAL MASS AIRFLOW, Ib/hr
TMA=(NV)(N)(V1-V2)P1/21.31T1
POINT 2
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POINT 2
PERATUR, T J
PATH 2-3
LEGEND
P3 = (YL PRESSURE AT END OF
CONST VOL COMB, PSIA
T3 = FLUID TEMP AT END OF
CONST YOL COMB, ‘R
_ VI = CYL VOLUME AT END OF
g A CONST VOL COMB, IN*
Py = PATYTI CVB =  SPECIFIC HEAT, CONSTANT
Goo= w  VOLUME, BURNED MIX,
BIY/Ibm 'R
v = OBB-12) QCY =  CONSTANT VOLUME COMB
OMF =  OFAR(TWA) HEAT, BTU/Ibm
OMF = OVERALL FUEL FLOW,
QT = OMF(GF) Ib/hr
QCYC = NC(QTOT)/J(1+0FAR)(THA)] QIOT =  TOTAL FUEL HEAT INPUT,
BTU/br
OF = LOWER HEATING VALUE OF
FUEL, BTU/Ibm
NC = COMBUSTION EFFICIENCY
QCYC =  CYCLE FUEL HEAT INPUT,
8TU/bm
!
T0_POINT 4
PATH 3-4 I
LEGEND
QCT = CONSTANT TEMP COMB
HEAT, BIU/Ibm
QCT=qcre-acy P4 = (YL PRESSURE AT END OF
T4=T3 CONST TEMP COMB, PSIA
T4 = FLUD TEMP AT END OF
oy CONST TEMP COMB, ‘R
Vd=(V3)e [ R r4)] 7 = CYL VOLUME AT END OF
CONST TEMP COMB, IN®
P4=P3(V3 V4 : J = CONVERSION CONSTANT,
v/ 778 fi~Ibf/BIU
WEXT= (/?)(742[ uv%—] NT R = UNVERSAL GAS CONSTANT,
g Fi—ibf
bm=-R
WEX = EXPANSION WORK AT
CONSTANT TEMP, BTU/lbm
NT =  [SOTHERMAL EFFICIENCY

FIG. 5B Ry
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POINT 4
LSENTROPIC EXPANSION
PATH 4-5 ‘
LEGEND
PS5 = CYL PRESSURE AT END OF
ISENTROPIC EXP, PSIA |
o= 5 = FLUID TEMP AT END OF
= ISENTROPIC EXP, ‘R
T9 = T4[1-NSf1- Ko-1 ’
05 = P{&%} KQ’ 10) V5 = CYL VOLUME AT END OF
WEXS CVB(T-15) ISENTROPIC EXP, INJ
: KB = RATIO OF SPECIFIC
HEATS, BURNED MIXTURE
WEXS =  EXPANSION WORK,
ISENTROPIC, BTU/Ibm
CVB =  SPECIFIC HEAT, CONSTANT
VOLUME, BURNED MIX,
BTU/ibm R
BLOWDOWN, EXHAUST & INTAKE TO
STATE 1 (ASSUMED IDEAL)
-
D,
PERFORMANCE SUMMARY
.
LEGEND
wner = LHCHHEXTHHEXS)(1+ OFAR)] WNET = NET INDICATED WORK,
(1+0F4R) BIY/Ibm
: HP = INDICATED HP (PER
IHP = (1+0FAR)(TMA)(WNET)/ 2545 CYLINDER)
IMEP = (792,000)(IHP)/(N)(VI-V2) MEP = - (NDICATED MEAN
NCYC = WNET/QTOT gg;fcm PRESSURE,
(WNET)(1+OFAR) TMA
NeYC = QroT NCYC =  INDICATED CYCLE
EFFICIENCY
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1

INTERNAL COMBUSTION ENGINE WITH
LIMITED TEMPERATURE CYCLE

This is a continuation of application Ser. No. 08/146,832
filed on Oct. 29, 1993, now U.S. Pat. No. 5,460,128, which
in turn is a continuation of application Ser. No. 07/919,916,
filed Jul. 27, 1992, now U.S. Pat. No. 5,265,562.

FIELD OF THE INVENTION

The present invention relates generally to internal com-
bustion engines and more particularly to expandable cham-
ber piston engines operating in an open thermodynamic
cycle.

BACKGROUND OF THE INVENTION

Automotive vehicle and engine manufacturers, fuel injec-
tion equipment suppliers and, indeed, society as a whole,
share in the desire for efficient, effective transportation. The
balance between combustion processes to produce power,
and those processes which create pollution, is best addressed
by enhancing the fundamental efficiency of the engine
processes

It is well known that the ideal Camot cycle, in which
isothermal heat addition and rejection are combined with
isentropic compression and expansion, is the most efficient
engine cycle for any given upper and lower operating
temperatures. However, the Carmnot cycle is not practical for
an expanding chamber piston engine due to the very high
(over 50:1) compression ratio required to produce significant
power. Nevertheless, a practical process which could make
some use of the highly efficient Carnot process would be an
advance in the art.

The most practical engine, and thus presently the most
predominant, is the Otto cycle engine which includes a
compression process of a fuel-air mixture followed by
unregulated combustion. It is well known that for a given
compression ratio the ideal Otto cycle is the most efficient
expanding chamber piston engine since the Otto cycle
combines high peak temperature with a practical average
temperature of heat input. However, the high peak combus-
tion temperature of an Otto engine can cause auto-ignition of
a portion of the fuel-air mixture, resulting in engine noise
and damage to the engine, as well as the creation of excess
amounts of undesired NOx.

In the past, auto-ignition in Otto cycle engines was
reduced by use of chemical additives to the fuel such as lead
compounds (no longer permitted by law), manganese com-
pounds (which cause spark plug deposits to build up, result-
ing in misfire), benzene (the use of which is presently being
curtailed by legislative mandate) or fuel reformulations to
prevent deleterious auto-ignition while meeting environ-
mental goals. Auto-ignition can also be reduced by limiting
the combustion temperature, either through use of a lower
compression ratio (which reduces both power and effi-
ciency), or by exhaust gas recirculation, lean-burn or strati-
fied charge techniques, all of which cause power loss.

For general purpose road use, the engines of emission-
constrained passenger cars are presently limited to useful
compression of about 10:1. Above that limit the increased
cost of the fuel control system and the additional cost of
more platinum or rhodium for exhaust catalytic converters
generally outweighs the benefit of higher compression
ratios. A technology which would allow a practical Otto
compression process to operate at compression ratios higher
than 10:1 would be an advance in the art.
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2

An improvement on the Otto cycle, as represented by a
higher useful compression ratio, is an ideal Diesel cycle
comprising isothermal heat addition and isochoric (constant
volume) heat rejection combined with isentropic compres-
sion and expansion. This ideal Diesel cycle overcomes the
fuel octane limit of the Otto cycle by utilizing air alone for
the compression process and mixing the fuel with the
process air as part of the combustion process. This allows
use of a low octane-rated fuel, but requires cetane-rated fuel
(enhanced auto-ignition). However, the isothermal process
of the aforedescribed ideal Diesel cycle was found to be
impractical, due to the extremely high compression ratio
(50:1) required, and an alternate heat addition process (iso-
baric or constant pressure) was put into practice.

Another variation on the ideal Diesel cycle is the ideal
limited pressure cycle including combined isochoric and
isobaric heat addition, and isochoric heat rejection combined
with isentropic compression and expansion. This combus-
tion process allows an engine to be operated at moderate
compression ratios (14:1 to 17:1 for large open chamber
engines) as well as high compression ratios (20:1 to 25:1 for
small displacement engines).

While Diesel-type engines are fuel efficient, due to their
high compression ratio, they tend to be heavier and lower in
power than an Otto engine of the same displacement. In
addition, all direct injection engines of the Diesel type suffer
from an ignition lag which reduces the control and effec-
tiveness of the combustion process. One way to overcome
this ignition lag is to preheat the fuel to 1,500° R. before
injection. This produces hypergolic combustion upon injec-
tion, but is an impractical method due to the short service life
of the injector nozzle.

Hybrid engine processes have been developed incorpo-
rating characteristics of both diesel and spark ignition
engines but these have proven impractical for road use.
Examples of these hybrid processes include the Texaco
TCCS, the Ford PROCO, Ricardo, MAN-FM and the KHD-
AD. All employ open chamber, direct injection spark igni-
tion engines using stratified charge techniques to improve
efficiency. These developmental engines suffer substantial
power loss because of ignition lag, incomplete utilization of
the process air and poor mixing of the fuel/air charge.

Because the limits of current technology are thus being
reached, there exists a need for an internal combustion
engine that will provide a better balance between power
production, fuel efficiency, pollution creation and poliution
control by use of a more practical combination of thermo-
dynamic processes.

SUMMARY OF THE INVENTION

Basically, the present invention meets the foregoing
requirements and constraints by utilizing a new combination
of thermodynamic processes which limit maximum com-
bustion temperature, thereby enabling an internal combus-
tion engine to operate at a higher compression ratio, a higher
power output or a lower peak temperature with a given fuel.

Broadly, in accordance with one exemplary embodiment,
the invention is practiced by controlling the fuel quantity
and injection timing of a direct injection system in an
internal combustion engine, so as to produce a combustion
process consisting of a constant volume (isochoric) phase
and a constant temperature (isothermal) phase. The limited
temperature engine cycle so achieved allows the use of
substantially higher compression ratios with a given fuel or
with a given NOx emission limit, thereby providing a higher
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practical thermal efficiency than the standard lower com-
pression ratio Otto cycle when measured by fuel/air analysis
or by analyzing the test data of an actual engine.

In addition, the limited temperature cycle so achieved
allows a higher power output and a lower NOx creation rate
at a given compression ratio with a low quality fuel.

In accordance with another aspect of the invention, there
is provided a new method of operating an expanding cham-
ber internal combustion piston engine for providing limited
temperature combustion. Such an engine includes at least
one cylinder and an associated piston for forming a com-
bustion chamber with the piston having a top dead center
position; an operating cycle including an intake stroke, a
compression stroke and an expansion stroke; and a fuel
introduction system. The method of operating the engine
pursuant to the invention comprises the steps of first forming
a predetermined fuel/air mixture by introducing a predeter-
mined fraction in one or more discrete quantities of the total
fuel necessary for complete combustion of the process air.
Next, the relatively lean fuel/air mixture so introduced is
ignited when the piston is substantially at top dead center,
this first phase of combustion thereby comprising a substan-
tially isochoric or constant volume process. The fuel sup-
plied for the isochoric process is an amount which will
produce a greatly reduced temperature of the working fluid,
as low as 3,300 degrees Rankine, or less, even at high
compression ratios. Last, there is introduced, substantially at
the beginning of the expansion stroke, a second fraction (in
one or more discrete quantities) of the total fuel necessary
for complete combustion. The combustion resulting from
the introduction of the second fraction is a substantially
isothermal process. The isothermal process occurs at a
temperature which is significantly less than that attained in
a comparable Otto cycle engine having the same or a
substantially lower compression ratio. NO,, emissions are
thereby limited and such reduction is obtained at lower cost
than existing systems.

Those skilled in the art will recognize that the method of
the present invention makes use of the Otto process for the
first phase of the heat input or combustion process and the
Carnot process for the second phase of heat input or com-
bustion process. Comparison of the operating cycle of the
invention with the standard Otto cycle using ideal fuel/air
analysis shows an unexpected benefit from the invention: the
overall operating efficiency of an engine (with a given
compression ratio) will be greater using the limited tem-
perature cycle of the present invention than when using the
Otto cycle, when high temperature losses are considered.
This increase in efficiency at a given compression ratio is a
benefit derived from reduced cycle temperature.

Another advantage of the present invention is that it
allows an engine to be operated more efficiently (at a higher
compression ratio) than is possible with present engines. The
most readily available motor vehicle gasoline fuels have
combustion quality ratings of about 90 octane, which gen-
erally limits many engines to a compression ratio of about
10:1 for public road use. Since octane rating is indirectly
related to high combustion temperature (high operating
temperatures require high octane fuel), and the invention
reduces the operating temperature, it follows that the inven-
tion enables the use of a higher engine compression ratio
with a commensurate gain in engine efficiency.

In sum, the method of the present invention allows a
practical engine to make use of an ideal process: during the
isothermal combustion process, heat energy is converted
directly to work. The invention utilizes present engine
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design and materials and may be practiced by modifying
existing internal combustion engines to incorporate the
desired compression ratio and appropriate fuel introduction
syslems.

BRIEF DESCRIPTION OF THE DRAWINGS

Further objects, advantages and features of the invention
will become evident from the detailed description of the
preferred embodiment when read in conjunction with the
accompanying drawings in which:

FIG. 1 is a schematic representation of a portion of a
four-cycle internal combustion engine utilizing the prin-
ciples of the present invention;

FIG. 2 is a side elevation view, in cross section, of a
solenoid operated fuel injector which may be used in the
engine depicted in FIG. 1, the injector including a plunger
cam providing fuel injection volumes and rates in accor-
dance with the present invention;

FIG. 3 includes plots of (1) fuel injector plunger lift
versus engine crank angle and (2) injected fuel volumes
versus engine crank angle in accordance with one exemplary
operating condition of an engine in accordance with the
present invention;

FIG. 4 shows pressure-volume and related engine cycle
diagrams further explaining the cycle of the present inven-
tion;

FIGS. SA-5C together depict a flow chart showing steps
for analyzing the engine cycle of the present invention and
for calculating engine performance and other operating
parameters;

FIG. 6 includes plots of percent fuel supplied for constant
temperature combustion vs. compression ratio for two maxi-
mum temperatures (3,300° R. and 4,000° R.);

FIG. 7 is a plot of heat release rate vs. crank shaft angle
for a process according to the invention having a maximum
temperature of 3,300° R.; and

FIG. 8 shows pressure-volume and related engine cycle
diagrams relating to another embodiment of the invention.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

With reference to FIG. 1, there is shown in schematic
form a normally aspirated, four-cycle spark ignition engine
10 employing the teachings of the present invention. It will
become evident to those skilled in the art that the advantages
of the invention may be realized with two-cycle spark
ignition engines, as well as wankel rotary-type engines and
those that are turbo-or supercharged. Further, although a
single cylinder is shown in FIG. 1 for simplicity, it will be
understood that an engine incorporating the invention will
typically have multiple cylinders.

The engine 10 comprises a block 12, a cylinder head 14
and a cylinder 16 having a piston 18 adapted to reciprocate
between top and bottom dead centers within the cylinder 16
to define with the cylinder 16 a combustion chamber 20. The
reciprocating motion of the piston 18 is converted to rota-
tional output motion by means of a connecting rod 22 and a
crankshaft assembly 24, all as well known in the art. As will
be explained in greater detail below, in accordance with
the-invention the compression ratio of the engine 10 will
typically be substantially higher than that of a conventional
automotive spark ignition internal combustion engine. For
example, while a conventional engine may have a compres-
sion ratio of 8:1 to 10:1, an engine employing the teachings
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5
of the present invention may have a compression ratio of
18:1.

The engine 10 further includes an air induction system 26
including an air intake valve 28 in the cylinder head 14. The
vale 28, along with an exhaust valve (not visible in FIG. 1),
is actuated by a conventional cam shaft 30 and related valve
train mechanism 32. Also mounted in the cylinder head 14
is a spark plug 34 whose energization is controlled and timed
by means well known in the art.

Referring now also to FIG. 2, fuel is supplied to the
engine 10 by a fuel injection system 36 which precisely
regulates the fuel/air mixture for combustion and exhaust
emission control. The fuel injection system 36 includes an
electrically actuated fuel injection pump 38 installed in or
adjacent to the cylinder head 14 and adapted to inject
predetermined quantities of fuel directly into the combustion
chamber 20 via an injection line 40 and an injector nozzle 41
terminating inside the combustion chamber 20 and adjacent
to the spark plug 34. The injector pump 38 may, for example,
take the form of a Model 200 fuel injection unit manufac-
tured by AMBAC International, with a modified cam as
described below and addition of a solenoid 44. The injector
pump 38 has a fuel spill valve 42 operated against the bias
of a spring 43 by the solenoid 44 energizable by a solenoid
drive unit (§DU) 46. The drive unit 46 is in turn controlled
by an electronic control unit (ECU) 48 which monitors, by
means of appropriatc sensors, selected engine operating
conditions such as intake and exhaust manifold pressures,
engine speed, ignition firing position, throttle position,
engine temperature, and so forth. Electrical signals repre-
senting these conditions are applied as inputs 50 to the
control unit 48. As is known in the art, the electronic control
unit 48, based on the multiple inputs 50, electronically
calculates the timing and metering of the fuel introduced
into the combustion chamber 20 by the injection pump 38.

Fuel is supplied to the fuel injector unit 38 by a feed pump
(not shown) through a fuel line 52 at a sufficiently high
pressure to produce proper fuel flow and to prevent vapor
formation in the fuel system during extended high tempera-
ture operation. When the solenoid 44 is energized by the
solenoid drive unit 46, the valve 42 closes and, because the
displacement of the plunger 54 is known, the fuel quantity
injected is controlled solely by varying the injector pulse
width, that is, the duration the valve 42 is held closed.

The injector pump 38 includes a piston type pumping
plunger 54 actuated by a cam 56 having a cam follower
surface or cam lobe 58 in engagement with the plunger 54;
the cam 56 is rotatable at engine crank shaft speed.

As shown in FIG. 3, the cam 56 has a lift profile, as a
function of crank angle, having a first linear portion 60 rising
from a base circle 62 to a maximum lift of about %2 inch
through an angular crank displacement of about 180°, and a
second linear portion 64 dropping back to the base circle in
about 60° of crank displacement. FIG. 3 shows a fuel
injection schedule for a single, exemplary operating condi-
tion, namely, wide open throttle for a Limited Temperature
Cycle, four-cycle engine having a compression ratio of 18:1
and a peak temperature of about 3,300° R. The fuel injection
schedule of FIG. 3 provides for two successive injections of
fuel volumes A and B. As already explained, the fuel
volumes A and B are functions only of the durations that the
injector 38 is active, as determined by the electronic control
unit 48,

Usually, a fuel injection pump is driven at camshaft speed,
that is, at one half engine crankshaft speed. Here, the pump
is rotated at engine crankshaft speed with the embodiment
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shown in FIG. 2 having its cam lobe 58 starting its lift
essentially at the beginning of the engine intake stroke (0°).
This provides a first fuel injection volume (shown as A in
FIG. 3) during the intake stroke, similar to an Otto engine.
The pump cam 56 completes its first rotation t the end of the
engine compression stoke (360°). The next rotation of the
pump cam 56 will inject the second fuel volume (volume B)
during the power stroke in a manner which produces essen-
tially constant temperature combustion.

Fuel volume A, comprising about 56% of the total fuel
required for complete combustion of the process air, is
injected during the intake stroke of the piston 18 between
about 10° and 120° (engine crank angle) after top dead
center. Substantially at the end of the compression stroke
(360° or top dead center), the second volume, B, comprising
the remaining 449% of the total amount of fuel required for
complete combustion, is injected, such second injection
terminating at about 60° after TDC, i.e., at about 420°.
Ignition by the spark plug 34 in the example under consid-
eration will typically be provided at 5° to 10° before top
dead center.

The combustion of the fuel/air mixture based on injected
volume A comprises a first combustion phase which as in the
standard Otto cycle, is a substantially constant volume
process. The first combustion phase will, of course, com-
prise a very lean mixture which, in the absence of the second
phase of combustion to be described, would tend to mark-
edly reduce engine power. The combustion of fuel volume B
takes place at substantially constant temperature, that is,
isothermally, providing both power and efficiency. It has
been determined that the temperature at which this second
combustion phase takes place is limited and less than that
which would be attained in a standard Otto cycle engine of
even modest compression ratio, for example, 8:1 or 10:1.
Thus, the limited temperature cycle of the present invention
permits the designer to dramatically increase the compres-
sion ratio of an engine for a given fuel, for example, to as
high as about 18:1, providing all of the advantages, includ-
ing high efficiency and power output, derived from a high
compression ratio engine without the thermal, detonation
and emission penalties.

A majority of the fuel is pre-mixed, generally 50% to
90%, for constant volume combustion. This first process is
combined with a second fuel portion supplied during the
combustion process at a rate to, first, limit maximum pres-
sure, and second, limit maximum cylinder temperature.

The engine cycle of the present invention has a higher
thermal efficiency than a Carnot cycle with the same average
temperature of heat input.

FIG. 4 shows three engine cycle diagrams (pressure-
volume, temperature-volume, and temperature-entropy)
comparing examples of the limited temperature cycle of the
present invention for two maximum combustion chamber
temperatures (T,,_,), namely, 3,300° R. and 4,300° R. The
engine cycle of the first example (T,,,,=3,300° R.) is defined
by the points 1-2-3-4-5-1 in the diagrams of FIG. 4 and that
the second example (T,,,=4,300° R.) by the points 1-2-3'-
4'-5-1. In FIG. 4, path 1-2 is an 18:1 isentropic compression
and paths 2-3 and 2-3' are constant volume combustion
processes using, in the first example, 56% of the fuel
necessary for complete combustion of the process air. Paths
3-4 and 3'-4' are isothermal processes using, in the first
example, the remaining 44% of the fuel. Paths 4-5 and 4'-5'
are isentropic expansion processes and path 5-1 and 5'-1 are
constant volume exhaust processes.

Using the ideal fuel/air analysis of FIGS. 5A-5C, the
conditions or states at each point for the two examples of
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mFIG. 4 may be calculated as follows:

FIRST EXAMPLE

CR =180 Tonax = 3300° R
Point 1 - Initial Conditions at BDC, Intake Stroke:

\~ Pl =14.7 psia
V1=503in?
T1=530°R
N =2000 RPM
Ny=.95
F/IA =.0416
Mg= 130 Ib/hr
LHV = 18,300 Btu/lb
N, = 100%
NCOMB = 100%

where:

P1 =1initial pressure
V1 = initial volume
T1 =initial temperature
N = engine speed
Ns = compression/cxpansion efficiency
F/A = fuel/air ratio
Ma = air mass flow
LHV = fuel lower heating value
Nv = volumetric efficiency
NCOMB = combustion cfficiency\~

Point 2 - Following Isentropic Compression (Path 1-2):

K,=137

Cy(airy = 186 Btu/lbm-°R

\-V2=VI/CR = % =279 inM-
K-1
V1
(=) -
™= T|——7
- Ny i

(1839 —1 _ 1eg7e B
530[—————95 +1 [=1597° Ry

\2!

K
~r ) =14.7 (18)!37 =771 psia\~

\~P2=Pl1 (
WC =C/(T1 - T2) =.186 (530 - 1597) = ~198 Btw/lbm

Point 3 - Following Limited Temp. Comb. @ Constant Volurme
(Path 2-3):

T, = Tmax = 3300° R

\~P3 = PA(T3/T2) = (771) ( —?—2—8—‘7’— ) = 1593 psia~
C.(ex) = .242 Bw/bmR
V3 =V2=279 in®
Q., = C(T3 — T2) = 242 (3300 — 1597) = 412 Bru/lbm
M, = F/A(Ma) = (0416) (130) = 5.408 lb/hr

Qo = Mp) (LHV) = (5.408) (18,300) = 98.966 Btu/hr

Qgere (N.) (QTOT)
W ~  (1+0FAR)(TMA)
(1.0) (98,966)

= m =731 Bu/lbm\~

Qe/Qeyarc = 412/731 = 56.4% « % of comb at c.v.
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-continued

Point 4 - Following Constant Temperature
Combustion and Expansion (Path 3-4):

Q. = Qoyers: — Qcy = 731 — 412 = 319 Biu/lbm ¢ (43.6% at C.T.

T4 =T3 =3300° R

7
(Qct ———)
V3)e “RTE

(319) (778)
(53.4) (3300)

B vi 279\ _ .
\~P4=P3 ( ~ ) =1593 ( ey ) =389 psia\~

V4 =

2.79) =11.41 in®\~

1y

Werr = R (ln £ )NT

A\~

(53.4) (3300) 1593
e In ( ) (.95)

303 Btu/lbm\~

Point 5 - Following Isentropic Expansion (Path 4-5):

Ke, = 1.26
Cpex = 325
Coex =23

Vs =V, =503 in3

w[en( () )]

_ 11411261 P
= 3300[ 1—.95( I‘T) ]_2297 R\~

T5

Kex 126
_ _va_ _ 11.41 B .
\~P5 =P4 ( V3 ) =389 ( 503 ) = 60 psia\

Wex = C,(T4 - T5) = .25(3300 — 2297) = 251 Btw/lbm

Performance Summary of Cycle of First Example:

W, = WC + WEXT + WEX = ~198 + 303 + 251 = 356 Btu/lbm

(1 +F/A) Ma) (Wre))
2545
(1.0416) (130) (356)
2545

IHp =
\~

=18.94 HP\~

(792,000) (IHP)

MN)(V1-V2)
(792000) (18.94)

(2000) (50.3 —2.79)

IMEP
=158 psia\~

Woet _ 356 _ 45 70

o= =771

SECOND EXAMPLE

Point 1 - Initial Conditions at BDC, Intake Stroke:

Same as first example.

Point 2 - Following Isentropic Compression (Path 1-2):

Same as first example.

Point 3' - Following Limited Temp. Comb. @ Constant Volume
(Path 2-3"):

Ts = Tmax = 4300° R
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-continued -continued
\~P3' = PX(T3'/T2) = (771) ( 20 ) =2076 psia\~ Ve 381
VNoe = g =331 = 529\

C,(exh) = .242 Btu/lbm°R
V3'=V2 =279 in’
Q, = C(T3' ~ T2) = .242 (4300 — 1597) = 654 Blu/lbm
M; = F/A(Ma) = (.0416) (130) = 5.408 lb/hr

Quo = (M) (LHV) = (5.408) (18,300) = 98,966 Bru/hr

Qq'cle _ (No) (QTOT)
- ex ~  (1+OFAR) (TMA)
= LOOBINO o5 pomi-

(1.0416) (130)
Qcv/Qeyare = 6541731 = 89.5% < % of comb at c.v.

Point 4’ - Following Constant Temperature
Combustion and Expansion (Path 3'-4):

Qut = Qevers = Quv = 731 — 654 = 77 Buw/lbm « (10.5% at CT.)
T4 = T3 = 4300° R
J
V3T

(I7) (778)
(53.4) (4300)

V4 =

=3.62in%~

1t

2.79e

o V3 Y 279 \_ .
\~P4'=P3 ( ~r ) =2076 ( i ) = 1600 psia\

W = WO (1)
\~
(53.4) (4300) 2076
= 778 1"( 1600 )('95)
= 729 Bu/lbm\~

Point 5' - Following Isentropic Expansion (Path 4'-5"):

Koo = 126
Cpex = 325
Coor = .25

Vs =V, =503 in?

S . (e
T = T4[1 N;(l (VS') )]
\~
B 3.621.26-1 B .
= 4300[1_'95(1_T)]_2'275 R\~
Kex 126

pa [ YA _ 3.62 _ —~

\~P5'=P4 ( 5 ) =1600 ( 503 ) =58 psia\

Wex = C(T4' —~ T5') = .25(4300 — 2275) = 506 Btu/lbm

Performance Summary of Cycle of Second Example:

Wie, = WC + WEXT + WEX = —198 + 72.9 + 506 = 381 Btw/lbm

(1+F/A) (Ma) (Wne:)
2545

(1.0416) (130) (3.81)
2545

HP =
\~

=20.27 HP\~

(752,000) (JHP)
(N) (VI ~-V2)
_ (792000) (20.27)

= 000 (503 2.79) 169 psia\~

IMEP
\~
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In another embodiment of the invention, the fuel supplied
for the isochoric event may be an amount which will
produce a temperature of the working fluid of around 4,000
degrees Rankine, somewhat less than that produced by
unconstrained combustion, with the remainder of the fuel
supplied proportional to the increase in volume during the
power stroke, to produce essentially isothermal combustion.
This embodiment will produce high power, while avoiding
detonation at higher compression ratios.

FIG. 6 shows plots for two maximum combustion tem-
peratures (3,300° R. and 4,000° R.), of percent fuel supplied
for constant temperature combustion as a function of com-
pression ratios ranging from 8:1 to 24:1.

FIG. 7 is a plot of heat release rate as a function of engine
crankshaft angle for a maximum combustion temperature of
3,300° R. (First Example, above). A first portion 70 of this
plot shows the heat release rate for the constant volume
process (path 2-3 in FIG. 4). A second portion 72 of the plot
shows the heat release rate for the isothermal process (path
3-4 in FIG. 4).

With reference again to FIG. 3, it will be evident to those
skilled in the art that the invention may be applied to two
cycle engines simply by scheduling the first injection (vol-
ume A) to take place at the beginning of the compression
stroke and the second injection (volume B) to take place as
in the four cycle engine. In the two cycle application, the
active portion of the cam lobe must extend from the begin-
ning of the compression stroke to the end of the isothermal
combustion process. Since this is an extended duration with
a significant non-utilized portion of the lift ramp, a constant
radius portion on the cam can be used to avoid excessively
high total cam lobe dimensions.

Instead of a fuel injection pump (as shown in FIG. 2)
those skilled in the art will understand that a solenoid
controlled unit injector can be used or, as a further alterna-
tive, a common rail fuel injection system, fed by a constant-
flow, high-pressure pump, can be utilized with the injectors
independently controlled by solenoids. Still further, it will be
obvious to those skilled in the art that piezoelectric actuators
may be substituted for the solenoids where very short
injector energization times (that is, small fuel quantities) are
required. Piezoelectric actuators may also be utilized to
provide a higher degree of control over injection since such
injectors may be used to inject multiple discrete quantities
with the result that the process will more closely follow the
ideal isothermal process paths. In accordance with yet
another alternative, a piezoelectric device may be substi-
tuted for the pump plunger in a unit injector, thus eliminating
the requirement for a cam to actuate the injector. To make
such an application of a piezoelectric actuator practical, the
piezoelectric device would be actuated multiple times (for
example, 100 times) by the electronic control unit in order
to inject the required total fuel quantities with a practical size
piezoelectric element.

It will also be appreciated that the process diagrams of
FIG. 4 show ideal processes. Real engine paths will depart
to some extent from the ideal cycles shown due to timing,
heat and friction losses. These factors will manifest them-
selves in the cycle diagram as, for example, rounded corners
and displacements of the process lines.

To practice the present invention, it is also possible to
combine a standard carburetor fuel introduction system with
an injector. With reference to the example of FIG. 3, with
such a system, the carburetor would supply the first quantity
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(volume A) and the injector would supply the second
quantity (volume B). The use of an injector for introducing
both fuel charges is preferred, however, to minimize cost.

The invention can also be put into practice in combination
with existing Otto, Diesel, lean-bum or stratified charge
engine processes in the same engine at different loads or
different operating conditions.

In some applications there will be a value to limiting
maximum cylinder pressure. In that instance, the invention
can make use of a further embodiment: a combination of
constant volume combustion, constant pressure combustion,
and constant temperature combustion. In this embodiment of
the invention, heat is released during the constant volume
process in such an amount as to reach the preferred pressure
limit. Heat is then added at constant pressure until the
preferred maximum temperature is reached. The remaining
heat is added isothermally. An example of such an embodi-
ment is shown in the process diagrams of FIG. 8. An engine
operated in accordance with this embodiment will include,
with reference to Fig. 8, the following process paths: path
1-2 is an isothermal compression process during which fuel
is supplied. The fuel supplied early in the compression
process serves two purposes: first, the heat of vaporization
reduces the work of compression, second the combustion
temperature is reduced proportional to the cooling provided
by the fuel, and third, the early injection allows time for
preflame reactions to take place prior to the ignition time,
thus reducing ignition lag (a significant problem for Diesel
or other predominantly direct injection hybrid systems).
Path 2-3 is an isentropic compression process, as already
explained; path 3-4 is an isochoric combustion process with
maximum pressure limited to a preselected value by pro-
portioning fuel quantity A (FIG. 3); path 4-5 is a constant
pressure, i.e, isobaric, process provided by a first portion of
fuel fraction B (FIG. 3), said portion being of an amount so
as to continue isobaric combustion until the preselected
maximum combustion temperature is reached; path 5-6 is an
isothermal combustion process at the preselected maximum
combustion temperature; path 6-7 is an isentropic expansion
process; and path 7-1 is an isochoric exhaust process. Each
of the fuel introductions can comprise one or more discrete
quantities so as to follow the ideal processes as closely as
practicable.

With reference once again to FIG. 3, an additional
embodiment of the invention can be put into practice by
subdividing the first fraction (volume A) of the total fuel
quantity into one or more discrete injected fuel portions. For
example, if two such portions were used, these would be
designated portions A' and A", the sum of these two portions
equalling the volume A. In accordance with one example of
this embodiment, the first fuel portion A', comprising 40%
of the total fuel would be injected during the interval from
10° to 80° of engine crank shaft rotation and the second fuel
portion A", comprising 16% of the total fuel, would be
injected during the interval from 320° to 350° of engine
crank rotation. This embodiment provides a chemically
correct fuel/air mixture surrounding the spark plug for the
first phase of combustion serving to extend the lean misfire
limit as well as further reducing the creation of NOy by
avoiding the presence of unburned oxygen in the first
combustion phase.

It will also be understood that the invention can be used
with various fuels such as natural gas, diesel, gasoline and
methanol, as well as with multiple fuels including, for
example, a combination of natural gas for the constant
volume heat release process and diesel fuel for the isother-
mal heat release process.

What is claimed is:

1. A method of operating an internal combustion expand-
ing chamber piston engine for providing limited temperature
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combustion, said engine having (1) at least one cylinder and
an associated piston for forming a combustion chamber, said
piston having a top dead center position, (2) an operating
cycle including an intake stroke, a compression stroke and
an expansion stroke, and (3) a fuel introduction system, said
method comprising the steps of:
forming a predetermined fuel/air mixture by introducing
a predetermined fraction of the total fuel required for
complete combustion of the process air in the combus-
tion chamber;

igniting said fuel/air mixture when the piston is substan-
tially at top dead center; and

introducing substantially at the beginning of the expan-
sion stroke, a second fraction of the total fuel required
for complete combustion;

wherein the combustion of the fuel/air mixture resulting
from the fuel first introduced is a substantially constant
volume process;

wherein the combustion as a result of the introduction of
the second fraction is a substantially isothermal pro-
cess; and

wherein said forming, igniting and introducing include

providing a stratified charge.

2. A method, as defined in claim 1, wherein said processes
include providing a substantially lean-burn fuel/air ratio in at
least a portion of the combustion chamber.

3. A method of operating a spark ignition internal com-
bustion engine, said engine including a combustion chamber
and having an operating cycle including a heat input phase
comprising a substantially constant volume combustion pro-
cess followed by a substantially isothermal combustion
process, said processes including providing a stratified
charge. .

4. A method of operating spark ignition internal combus-
tion engine as defined in claim 3, wherein:

said processes include providing a substantially lean-burn

fuel/air ratio in at least a portion of the combustion
chamber.

5. A method of operating a spark ignition internal com-
bustion engine, said engine including a combustion chamber
and having an operating cycle including a heat input phase
comprising a substantially constant volume combustion pro-
cess followed by a substantially isothermal combustion
process, said heat input phase of said cycle followed by a
substantially isentropic power delivery process, said pro-
cesses including providing a stratified charge.

6. A method of operating a spark ignition internal com-
bustion engine as defined in claim 5, wherein:

said processes include providing a substantially lean-burn

fueVair ratio in at least a portion of the combustion
chamber.

7. A method of operating a spark ignition internal com-
bustion engine, said engine including a combustion chamber
and having an operating cycle including a heat input phase
comprising a substantially constant volume combustion pro-
cess, followed by a substantially constant pressure combus-
tion process, followed by a substantially isothermal com-
bustion process, said heat input phase of said cycle followed
by a substantially isentropic power delivery process, said
processes including providing a stratified charge.

8. A method of operating a spark ignition internal com-
bustion engine, as defined in claim 7, wherein:

said processes include providing a substantially. lean-burn

fuel/air ratio in at least a portion of the combustion
chamber.
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STAIE (POINT 1)

PI = INITIAL CV.. PRESSURE AT 80C
INTAKE STR, PSIA
Pr = CIEN 1 = INITIAL FLUID TEMP AT BOC
I = GIEN INTAKE STR, R
i = CIEN Vi = INITIAL CYL. VOLUME AT BDC
CR = GIEN INTAKE STR, IN3
= e CR = CYCLE COMPRESSION RATIO
} TMAX = MAXIMUM CYCLE TEMPERATURE,
N = GIVEN '
AR = GIEN N = ENGINE SPEED, RPH
OFAR =  OVERALL FUEL-TO-AIR RATIO
ISENTROPIC COMPRESSION
[0 POINT 2
P2 = (Y. PRESSURE AT TDC COMPR
V2=V1/CR STR, PSIA
KU~1 2. = FLUID TEMP AT TDC COMPR STR,
l 1 l R
A
r2=r1|1%2 +1 V2 = M, VOLUME AT TDC COMPR STR,
NS N3
KU = RATIO OF SPECIFIC HEATS,
KU UNBURNED MIXTURE
po=p1 | L NS = ISENTROPIC EFFICIENCY
V2
W = CYCLE VOLUMETRIC EFFICIENCY
WC=CVU(T1-12) WC =  COMPRESSION WORK, BIU/lbm
CW = SPECIFIC HEAT, CONSTANT VOLUME,
TMA=(NV)(N)(V1-V2)P1/21.31T1 UNBURNED MIXTURE, BIU/lbm ‘R
WA = TOTAL MASS AIRFLOW, Ib/br
POINT 2
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POINT 2
| FIG. 5B
LIMITED TEMPERATURE CONSTANT VOLUME COMBUSTION TQ POINT 3
PATH 2-3
P3 = CYL. PRESSURE AT END OF
CONST VOL COMB, PSIA
13 = FLUID TEMP AT END OF
CONST VOL COMB, R
_ V3 = (Y. VOLUME AT END OF
Moo= WA CONST VOL COMB, INS
P = PAT3I2) CVB =  SPECIFIC HEAT, CONSTANT
B o= w . VOLUME, BURNED MIX,
(B1U/1bm “R)
v = Cve(I3-12) QCcY = CONSTANT VOLUME COMB
OMF = OFAR(TWA) HEAT, BTU/lbm
OMF =  OVERALL FUEL FLOW,
QIoT = OMF(QF) Ib/hr
QCYC = NC(QTOT)/(1+0FAR)(TMA) QIOT =  TOTAL FUEL HEAT INPUT,
BIU/hr
OF = LOWER HEATING VALUE OF
FUEL, BTU/Ibm
NC = COMBUSTION EFFICIENCY
QCYC =  CYCLE FUEL HEAT INPUT,
BIU/Ibm
1
CONSTANT TEMPERATURE COMBUSIION/EXPANSION TQ POINT 4
PATH 3-4 i
OCT =  CONSTANT TEMP COMB
QCT=0CYC-QCV HEAT, BTU/Ibm
T4=T3 P4 = CYL. PRESSURE AT END OF
CONST TEMP COMB, PSIA
-y T4 = FLUID TEMP AT END OF
. [OT] CONST TEMP COMB, ‘R
Vi=(V3)e | R Ve = CYL VOLUME AT END OF
CONST TEMP COMB, INY
P4=P3(v3/V4) J = CONVERSION CONSTANT,
778 ft-ibf/BTU
wexr= (X T4)[ n ﬁ] T R = UNIVERSAL GAS CONSTANT,
J P4 fi—Ibf
bm-R
WEXT =  EXPANSION WORK AT
CONSTANT TEMP, BTU/Ibm
NT = ISOTHERMAL EFFICIENCY
POINT 4
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PO]/i/T 4 FIG. 5C
ROPIC_EXPANSION
PATH 4-5 {
P5 = (YL PRESSURE AT END OF
ISENTROPIC EXP, PSIA
15 = FLUID TEMP AT END OF
ISENTROPIC EXP, 'R
o= v Vs = CYL VOLUME AT END OF
5 = T4[I—NS(I—VA/V5)K5'7] ISENTROPIC EXP, INS
P5 = P4va/vs) KB KB = RATIO OF SPECIFIC
WEXS =  CVB(T4-T5) HEATS, BURNED MIXTURE
WEXS =  EXPANSION WORK,
ISENTROPIC, BIU/ibm
CVB =  SPECIFIC HEAT, CONSTANT
VOLUME, BURNED MIX,
BIU/1bm R
BLOWDOWN, EXHAUST & INTAKE TO
STATE 1 (ASSUMED IDEAL)
r—
PERFORMANCE. SUMMARY
-
WNET =  NET INDICATED WORK,
BIU/Ibm
WNET = WC+WEXTH+HWEXS IHP = INDICATED HP (PER
IHP = (1+OFAR)(TMA)(WNET)/2545 CYLINDER)
IMEP = (792,000)(IHP)/(N)(V1-V2) IMEP = INDICATED MEAN
NCYC = WNET/QTOT fgﬁm VE PRESSURE,
NCYC =  INDICATED CYCLE
EFFICIENCY
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100%
90%

PERCENT

FUEL 80%

SUPPLIED

FOR

covsanr %

TEMPERATURE
COMBUSTION ~ 60%

50%
403
Twax=3300 ®
30%
20%
TWAx=4,000 R
103
o ——
81  10:1 121 14:1 161 181 20:1 2211 241
COMPRESSION RATIO
D¢
70
HEAT - 4
RELEASE
RATE
BIU/CRANKSHAFT
DEGREES 72
| J K |
{ | T
330 360 390 420

CRANK ANGLE, DEGREES
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INTERNAL COMBUSTION ENGINE WITH
LIMITED TEMPERATURE CYCLE

REFERENCE TO RELATED APPLICATIONS

This application is a continuation of and claims the benefit
of U.S. application Ser. No. 08/466,817, filed Jun. 6, 1995,
now U.S. Pat. No. 5,566,650, which is a continuation of
application Ser. No. 08/146,832, filed Oct. 29, 1993, now
U.S. Pat. No. 5,460,128, which in turn is a continuation of
U.S. application Ser. No. 07/919,916, filed Jul. 27, 1992,
now U.S. Pat. No. 5,265,562.

This application is also is a continuation of and claims the
benefit of U.S. Provisional Application No. 60/001,617, filed
Jul. 28, 1995.

FIELD OF THE INVENTION

The present invention relates generally to internal com-
bustion engines and more particularly to expandable cham-
ber piston engines operating in an open thermodynamic
cycle.

BACKGROUND OF THE INVENTION

Automotive vehicle and engine manufacturers, fuel injec-
tion equipment suppliers and, indeed, society as a whole,
share in the desire for efficient, effective transportation. The
balance between combustion processes to produce power,
and those processes which create pollution, is best addressed
by enhancing the fundamental efficiency of the engine
processes.

It is well known that the ideal Carnot Cycle, in which
isothermal heat addition and rejection are combined with
isentropic compression and expansion, is the most efficient
engine cycle for any given upper and lower operating
temperatures. However, the Carnot cycle is not practical for
an expanding chamber piston engine due to the very high
(over 50:1) compression ratio required to produce significant
power. Nevertheless, a practical process which could make
some use of the highly efficient Carnot process would be an
advance in the art.

The most practical engine, and thus presently the most
predominant, is the Otto cycle engine which includes a
compression process of a fuel-air mixture followed by
unregulated combustion. It is well known that for a given
compression ratio the ideal Otto cycle is the most efficient
expanding chamber piston engine since the Otto cycle
combines high peak temperature with a practical average
temperature of heat input. However, the high peak combus-
tion temperature of an Otto engine can cause auto-ignition of
a portion of the fuel-air mixture, resulting in engine noise
and damage to the engine, as well as the creation of excess
amounts of undesired Nox.

In the pasta auto-ignition in Otto cycle engines was
reduced by use of chemical additives to the fuel such as lead
compounds (no longer permitted by law), manganese com-
pounds (which cause spark plug deposits to build up, result-
ing in misfire) benzene (the use of which is presently being
curtailed by legislative mandate) or fuel reformulations to
prevent deleterious auto-ignition while meeting environ-
mental goals. Auto-ignition can also be reduced by limiting
the combustion temperature, either through use of a lower
compression ratio (which reduces both power and
efficiency) , or by exhaust gas recirculation, lean-burn or
stratified charge techniques, all of which cause power loss.

For general purpose road use, the engines of emission-
constrained passenger cars are presently limited to useful
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compression of about 10:1. Above that limit the increased
cost of the fuel control system and the additional cost of
more platinum or rhodium for exhaust catalytic converters
generally outweighs the benefit of higher compression
ratios. A technology which would allow a practical Otto
compression process to operate at compression ratios higher
than 10:1 would be an advance in the art.

An improvement on the Otto cycle, as represented by a
higher useful compression ratio, is an ideal Diesel cycle
comprising isothermal heat addition and isochoric (constant
volume) heat rejection combined with isentropic compres-
sion and expansion. This ideal Diesel cycle overcomes the
fuel octane limit of the Otto cycle by utilizing air alone for
the compression process and mixing the fuel with the
process air as part of the combustion process. This allows
use of a low octane-rated fuel, but requires cetane-rated fuel
(enhanced auto-ignition). However, the isothermal process
of the aforedescribed ideal Diesel cycle was found to be
impractical, due to the extremely high compression ratio
(50:1) required, and an alternate heat addition process
(isobaric or constant pressure) was put into practice.

Another variation on the ideal Diesel cycle is the ideal
limited pressure cycle including combined isochoric and
isobaric heat addition, and isochoric heat rejection combined
with isentropic compression and expansion. This combus-
tion process allows an engine to be operated at moderate
compression ratios (14:1 to 17:1 for large open chamber
engines) as well as high compression ratios (20:1 to 25:1 for
small displacement engines).

While Diesel-type engines are fuel efficient, due to their
high compression ratio, they tend to be heavier and lower in
power than an Otto engine of the same displacement. In
addition, all direct injection engines of the Diesel type suffer
from an ignition lag which reduces the control and effec-
tiveness of the combustion process. One way to overcome
this ignition lag is to preheat the fuel to 1,500° R. before
injection This produces hypergolic combustion upon
injection, but is an impractical method due to the short
service life of the injector nozzle.

Hybrid engine processes have been developed incorpo-
rating characteristics of both diesel and spark ignition
engines but these have proven impractical for road use.
Examples of these hybrid processes include the Texaco
TCCS, the Ford PROCO, Ricardo, MAN-FM and the KHD-
AD. All employ open chamber, direct injection spark igni-
tion engines using stratified charge techniques to improve
efficiency. These developmental engines suffer substantial
power loss because of ignition lag, incomplete utilization of
the process air and poor mixing of the fuel/air charge.

Because the limits of current technology are thus being
reached, there exists a need for an internal combustion
engine that will provide a better balance between power
production, fuel efficiency, pollution creation and pollution
control by use of a more practical combination of thermo-
dynamic processes.

SUMMARY OF THE INVENTION

Basically, the present invention meets the foregoing
requirements and constraints by utilizing a new combination
of thermodynamic processes which limits maximum com-
bustion temperature, thereby enabling an internal combus-
tion engine to operate at a higher compression ratio, a higher
power output or a lower peak temperature with a given fuel.

Broadly, in accordance with one exemplary embodiment,
the invention is practiced by controlling the fuel quantity
and injection timing of a direct injection system in an
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internal combustion engine, so as to produce a combustion
process consisting of a constant volume (isochoric) phase
and a constant temperature (isothermal) phase. The limited
temperature engine cycle so achieved allows the use of
substantially higher compression ratios with a given fuel or
with a given NOx emission limit, thereby providing a higher
practical thermal efficiency than the standard lower com-
pression ratio Otto cycle when measured by fuel/air analysis
or by analyzing the test data of an actual engine.

In addition, the limited temperature cycle so achieved
allows a higher power output and a lower NOX creation rate
at a given compression ratio with a low quality fuel.

In accordance with another aspect of the invention, there
is provided a new method of operating an expanding cham-
ber internal combustion piston engine for providing limited
temperature combustion. Such an engine includes at least
one cylinder and an associated piston for forming a com-
bustion chamber with the piston having a top dead center
position; an operating cycle including an intake stroke, a
compression stroke and an expansion strokes and a fuel
introduction system. The method of operating the engine
pursuant to the invention comprises the steps of first forming
a predetermined fuel/air mixture by introducing a predeter-
mined fraction in one or more discrete quantities of the total
fuel necessary for complete combustion of the process air.
Next, the relatively lean fuel/air mixture so introduced is
ignited when the piston is substantially at top dead center,
this first phase of combustion thereby comprising a substan-
tially isochoric or constant volume process. The fuel sup-
plied for the isochoric process is an amount which will
produce a greatly reduced temperature of the working fluid,
as low as 3,300 degrees Rankine, or less, even at high
compression ratios. Last, there is introduced, substantially at
the beginning of the expansion stroke, a second fraction (in
one or more discrete quantities) of the total fuel necessary
for complete combustion. The combustion resulting from
the introduction of the second fraction is a substantially
isothermal process. The isothermal process occurs at a
temperature which is significantly less than that attained in
a comparable Otto cycle engine having the same or a
substantially lower compression ratio Nox emissions are
thereby limited and such reduction is obtained at lower cost
than existing systems.

Those skilled in the art will recognize that the method of
the present invention makes use of the Otto process for the
first phase of the heat input or combustion process and the
Carnot process for the second phase of heat input or com-
bustion process. Comparison of the operating cycle of the
invention with the standard Otto cycle using ideal fuel/air
analysis shows an unexpected benefit from the invention: the
overall operating efficiency of an engine (with a given
compression ratio) will be greater using the limited tem-
perature cycle of the present invention than when using the
Otto cycle, when high temperature losses are considered.
This increase in efficiency at a given compression ratio is a
benefit derived from reduced cycle temperature.

Another advantage of the present invention is that it
allows an engine to be operated more efficiently (at a higher
compression ratio) than is possible with present engines. The
most readily available motor vehicle gasoline fuels have
combustion quality ratings of about 90 octane, which gen-
erally limits many engines to a compression ratio of about
10:1 for public road use. Since octane rating is indirectly
related to high combustion temperature (high operating
temperatures require high octane fuel), and the invention
reduces the operating temperature, it follows that the inven-
tion enables the use of a higher engine compression ratio
with a commensurate gain in engine efficiency.
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In sum, the method of the present invention allows a
practical engine to make use of an ideal process: during the
isothermal combustion process, heal energy is converted
directly to work. The invention utilizes present engine
design and materials and may be practiced by modifying
existing internal combustion engines to incorporate the
desired compression ratio and appropriate fuel introduction
systems.

BRIEF DESCRIPTION OF THE DRAWINGS

Further objects, advantages and features of the invention
will become evident from the detailed description of the
preferred embodiment when read in conjunction with the
accompanying drawings in which:

FIG. 1 is a schematic representation of a portion of a
four-cycle internal combustion engine utilizing the prin-
ciples of the present invention;

FIG. 2 is a side elevation view, in cross section, of a
solenoid-operated fuel injector which may be used in the
engine depicted in FIG. 1, the injector including a plunger
cam providing fuel injection volumes and rates in accor-
dance with the present invention;

FIG. 3 includes plots of (1) fuel injector plunger lift
versus engine crank angle and (2) injected fuel volumes
versus engine crank angle in accordance with one exemplary
operating condition of an engine in accordance with the
present invention;

FIG. 4 shows pressure-volume and related engine cycle
diagrams further explaining the cycle of the present inven-
tion;

FIGS. SA-5C together depict a flow chart showing steps
for analyzing the engine cycle of the present invention and
for calculating engine performance and other operating
parameters;

FIG. 6 includes plots of percent fuel supplied for constant
temperature combustion vs. compression ratio for two maxi-
mum temperatures 3,300° R. and 4,000° R.;

FIGS. 7 is a plot of heat release rate vs. crank shaft angle
for a process according to the invention having a maximum
temperature of 3,300° R.; and

FIG. 8 shows pressure-volume and related engine cycle
diagrams relating to another embodiment of the invention.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

With reference to FIG. 1 there is shown in schematic form
a normally aspirated, four-cycle spark ignition engine 10
employing the teachings of the present invention. It will
become evident to those skilled in the art that the advantages
of the invention may be realized with two-cycle spark
ignition engines, as well as Wankel rotary-type engines and
those that are turbo- or supercharged. Further, although a
single cylinder is shown in FIG. 1 for simplicity, it will be
understood that an engine incorporating the invention will
typically have multiple cylinders.

The engine 10 comprises a block 12 a cylinder head, 14
and a cylinder 16 having a piston 18 adapted to reciprocate
between top and bottom dead centers within the cylinder 16
to define with the cylinder 16 a combustion chamber 20. The
reciprocating motion of the piston 18 is converted to rota-
tional output motion by means of a connecting rod 22 and a
crankshaft assembly 24, all as well known in the art. As will
be explained in greater detail below, in accordance with the
invention the compression ratio of the engine 10 will typi-
cally be substantially higher than that of a conventional
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automotive spark ignition internal combustion engine. For
example, while a conventional engine may have a compres-
sion ratio of 8:1 to 10:1, an engine employing the teachings
of the present invention may have a compression ratio of
18:1.

The engine 10 further includes an air induction system 26
including an air intake valve 28 in the cylinder head 14. The
valve 28, along with an exhaust valve (not visible in FIG. 1),
is actuated by a conventional cam shaft 30 and related valve
train mechanism 32. Also mounted in the cylinder head 14
is a spark plug 34 whose energization is controlled and timed
by means well known in the art.

Referring now also to FIG. 2, fuel is supplied to the
engine 10 by a fuel injection system 36 which precisely
regulates the fuel/air mixture for combustion and exhaust
emission control. The fuel injection system 36 includes an
electrically actuated fuel injection pump 38 installed in or
adjacent to the cylinder head 14 and adapted to inject
predetermined quantities of fuel directly into the combustion
chamber 20 via an injection line 40 and an injector nozzle 41
terminating inside the combustion chamber 20 and adjacent
to the spark plug 34. The injector pump 38 may, for example,
take the form of a Model 200 fuel injection unit manufac-
tured by AMBAC International, with a modified cam as
described below and the addition of a solenoid 44. The
injector pump 38 has a fuel spill valve 42 operated against
the bias of a spring 43 by the solenoid 44 energizable by a
solenoid drive unit (SDU) 46. The drive unit 46 is in turn
controlled by an electronic control unit (ECU) 48 which
monitors, by means of appropriate sensors, selected engine
operating conditions such as intake and exhaust manifold
pressures, engine speed, ignition firing position, throttle
position, engine temperature, and so forth. Electrical signals
representing these conditions are applied as inputs 50 to the
control unit 48. As is known in the art, the electronic control
unit 48, based on the multiple inputs 50, electronically
calculates the timing and metering of the fuel introduced
into the combustion chamber 20 by the injection pump 38.

Fuel is supplied to the fuel injector unit 38 by a feed pump
(not shown) through a fuel line 52 at a sufficiently high
pressure to produce proper fuel flow and to prevent vapor
formation in the fuel system during extended high-
temperature operation. When the solenoid 44 is energized by
the solenoid drive unit 46, the valve 42 closes and, because
the displacement of the plunger 54 is known, the fuel
quantity injected is controlled solely by varying the injector
pulse width, that is, the duration the valve 42 is held closed.

The injector pump 38 includes a piston type pumping
plunger 54 actuated by a cam 56 having a cam follower
surface or cam lobe 58 in engagement with the plunger 54;
the cam 56 is rotatable at engine crank shaft speed.

As shown in FIG. 3, the cam 56 has a lift profile, as a
function of crank angle, having a first linear portion 60 rising
from a base circle 62 to a maximum lift of about % inch
through an angular crank displacement of about 180°, and a
second linear portion 64 dropping back to the base circle in
about 60° of crank displacement.

FIG. 3 shows a fuel injection schedule for a single,
exemplary operating condition, namely, wide open throttle
for a Limited Temperature Cycle, four-cycle engine-having
a compression ratio of 18:1 and a peak temperature of about
3,300° R. The fuel injection schedule of FIG. 3 provides for
two successive injections of fuel volumes A and B. As
already explained, the fuel volumes A and B are functions
only of the durations that the injector 38 is active, as
determined by the electronic control unit 48.
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Usually, a fuel injection pump is driven at camshaft speed,
that is, at one half engine crankshaft speed. Here, the pump
is rotated at engine crankshalt speed with the embodiment
shown in FIG. 2 having its cam lobe 58 starting its lift
essentially at the beginning of the engine intake stroke (0°).
This provides a first fuel injection volume (shown as A in
FIG. 3) during the intake stroke, similar to an Otto engine.
The pump cam 56 completes its first rotation at the end of
the engine compression stroke (360°). The next rotation of
the pump cam 56 will inject the second fuel volume (volume
B) during the power stroke in a manner which produces
essentially constant temperature combustion.

Fuel volume A, comprising about 56% of the total fuel
required for complete combustion of the process air, is
injected during the intake stroke of the piston 18 between
about 10° and 120° (engine crank angle) after top dead
center. Substantially at the end of the compression stroke
(360° or top dead center), the second volume, B, comprising
the remaining 44% of the total amount of fuel required for
complete combustion, is injected, such second injection
terminating at about 60° after TDC, i.e., at about 420°.
Ignition by the spark plug 34 in the example under consid-
eration will typically be provided at 5° to 10° before top
dead center.

The combustion of the fuel/air mixture based on injected
volume A comprises a first combustion phase which, as in
the standard Otto Cycle, is a substantially constant volume
process. The first combustion phase will, of course, com-
prise a very lean mixture which, in the absence of the second
phase of combustion to be described, would tend to mark-
edly reduce engine power. The combustion of fuel volume B
takes place at substantially constant temperature, that is,
isothermally, providing both power and efficiency. It has
been determined that the temperature at which this second
combustion phase takes place is limited and less than that
which would be attained in a standard Otto cycle engine of
even modest compression ratio, for example, 8:1 or 10:1.
Thus, the limited temperature cycle of the present invention
permits the designer to dramatically increase the compres-
sion ratio of an engine for a given fuel, for example, to as
high as about 18:1, providing all of the advantages, includ-
ing high efficiency and power output, derived from a high
compression ratio engine without the thermal, detonation
and emission penalties.

A majority of the fuel is pre-mixed, generally 50% to
90%, for constant volume combustion. This first process is
combined with a second fuel portion supplied during the
combustion process at a rate to, first, limit maximum
pressure, and second, limit maximum cylinder temperature.

The engine cycle of the present invention has a higher
thermal efficiency than a Carnot cycle with the same average
temperature of heat input.

FIG. 4 shows three engine cycle diagrams (pressure-
volume, temperature-volume, and temperature-entropy)
comparing examples of the limited temperature cycle of the
present invention for two maximum combustion chamber
temperatures (T,,,..), namely, 3,300° R. and 4,300° R. The
engine cycle of the first example (T,,,,,=3,300° R.) is defined
by the points 1-2-3-4-5-1 in the diagrams of FIG. 4 and that
of the second example (T, =4300° R.) by the points
1-2-3'-4'-5'-1. In FIG. 4, path 1-2 is an 18:1 isentropic
compression and paths 2-3 and 2-3' are constant volume
combustion processes using, in the first example, 56% of the
fuel necessary for complete combustion of the process air.
Paths 3-4 and 3'-4' are isothermal processes using, in the first
example, the remaining 44% of the fuel. Paths 4-5 and 4'-5'
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are isentropic expansion processes and paths 5-1 and 5'-1 are -continued
constant volume exhaust processes. 3300 .
P3=P2(T3/72) = (771)(m] = 1593 psia

Using the ideal fuel/air analysis of FIGS. SA-5C, the
conditions or states at each point for the two examples of

FIG. 4 may be calculated as follows:
Cy(ex) = .242 Btu/lbm° R

FIRST EXAMPLE

— — i}
CR=18.0 T, =3300° R. = V2=

Point 1—Initial Conditions at BDC, Intake Stroke: 10
P1=14.7 psia O, = Cy(T3 - T2) = 242(3300 - 1597) = 412 Btw/lbm
V1=50.3 in®
T1=530° R.
N=2000 RPM 15 My =F[A(Ma) = (.0416)(130) = 5.408 Ib/hr
N.=0.95
F/A=0.0416 Qior = (M£)LHV) = (5.408)(18,300) = 98,966 Btu/hr
M_=130 Ib/hr
LHV=18,300 Btw/Ib 20 (NoQTOm (L098.966)
N, =100% Qaxce = T orARTMA) ~ (L0AI6N130) ) o/bm
NCOMB=100%
where: Oy / Qoyete = 412/731 = 56.4% « % of comb at c.v.
Pl=initial pressure 25
Vl=initial volume
T1=initial temperature Point 4—Following Constant Temperature Combustion and
N=engine speed Expansion (Path 3-4):
Ns=compression/expansion efficiency 30
F/A=fuel/air ratio Qe = Qcycre — Qv = 731 =412 = 319 Btw/lbm « (43.6% at C.T.)
Ma=air mass flow
LHV=fuel lower heating value T4 = T3 = 3300° R
Nv=volumetric efficiency 35
NCOMB=combustion efficiency
Point 2—Following Isentropic Compression (Path 1-2): V4 = (V3)e(Q”’RJT7J = (2.79)ew =11.41in®
(53.4)(3300)
K, =1.37
40 pa= P32 2 1505 22 ) =389 psi
R
Cuiainy = -186 Bru/lbm—"R
(R)(T4)( P3] (53.4)(3300) 1593]
cTE = In— |Nr = ——=5—In| —— ((.95)
Ve viICR 503 2701 45 J P4 778 389
=VI/CR= g~ =270in =303 Bu/lbm
1% K-1 . . . .
(_] - 18¥7)_ 1 Point 5—Following Isentropic Expansion (Path 4-5):
12=T1 ‘/27+1 :530[ +1}:1597°R 50
Ng 95
K, =126
VK . Cpex = 325
P2= P1(E] =14.7(18)'%7 = 771 psia ss P
Coox =25
WC = Cy(TI - T2) = .186(530 — 1597) = —198 Btu/lbm
. . o 60 Vs = V; = 50.3in°
Point 3—Following Limited Temp. Comb. @ Constant
Volume (Path 2-3):
T5 =
. 65 T4 1—N(1—(E)’H] ~3300[1 - osf1 - LA oo
i V5 ’ 50.3
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-continued
P5= P4 V4)K” - 389(—11'41 ]1'26 = 60 psi
=Myl TP m0a) TOUPRR

Wey = Cy(T4 - T5) = 25(3300 — 2297) = 251 Bru/Ibm

Performance Summary of Cycle of First Example:

Woe = WC + WEXT + WEX = —198 +303 + 251 = 356 Btu/Ibm

A+ F/A)Ma)Wy,)  (1.0416)(130)(356)

IHP = 2545 2545

=18.94 HP

(792,0000(IHP) _ (792000)(18.94)

IMEP = — o vT—vD) = 20000503 -2.79)

= 158 psia

N, Woer _ 356 48.7%
R P TR

SECOND EXAMPLE
Point 1—Initial Conditions at BDC, Intake Stroke:
Same as first example.
Point 2—Following Isentropic Compression (Path 1-2):

Same as first example.

Point 3'—Following Limited Temp. Comb. @ Constant

Volume (Path 2-3%:

Ty = Tmax =4300°R

4300

P3 = PXT3 |T2) = (771)( 557

] =2076 psia
Cy (exh) = 242 Bu/lbm° R
V3 =Vv2 =279’
Q., = C,(T3 - T2) = .242(4300 - 1597) = 654 Btw/lbm
My = F/A(Ma) = (0416)(130) = 5.408 Ib/hr

Qror = (Mp)(LHV) = (5.408)(18,300) = 98,966 Btu/hr

(Ne)QTOT) (1.0)(98,966)
Qoyele = =

e = (T OFARTMA) ~ (LOA16)(130) ~ - Bwv/lbm

Qcv [ Qeoycte = 654/731 =89.5% « % of comb at c.v.

Point 4—Following Constant Temperature Combustion and

Expansion (Path 3'-4'):
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Qct = Qcycre — Qo = 731 — 654 =77 Bru/lbm « (10.5% at C.T.)
T4 =T3 =4300°R

anais)

— = ind
G3a@0n) — o

J
W = (v3)eQmw) = (2.79)

e =p3( 2 —2076(2'79]—1600 j
“\wr) T 3.62) bsia

R)(T4 P3 53.4)4300) (2076
R )(1 ]NT=< ) )m(

7 \"pz 1600

778 ]('95)

=72.9 Btu/lbm

Point 5'—Following Isentropic Expansion (Path 4'-5":

Koo =1.26
Cpex = 325
Crex = .25

Vs = Vi = 5031’

AL 3.601:26-1
75 =T4 [1 —Ng[l _(VS’] H = 4300[1 - .95[1 - WH

=2275°R

(Y 2160 22) % Css i
P5 =P (VS’] = (m] =58 psia

Wiy = Cy (T4 — T5) = .25(4300 — 2275) = 506 Btu/lbm

Performance Summary of Cycle of Second Example:

Wyer = WC + WEXT + WEX = —198 +72.9 + 506 = 381 Btu/lbm

(1 +F/AMa)(Woe)  (1.0416)(130)(3.81)
IHP = s = S =20.27 HP
792,000)(IHP 792000)(20.27
mEp=" UL 202D _ 169 psia

(N)(VI-V2) ~ (2000)(50.3-2.79)

Woer 381

Nee = =2 = 2= =529,
¥ 0, 73T

In another embodiment of the invention, the fuel supplied
for the isochoric event may be an amount which will
produce a temperature of the working fluid of around 4,000
degrees Rankine, somewhat less than that produced by
unconstrained combustion, with the remainder of the fuel
supplicd proportional to the inercasc in volume during the
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power stroke, to produce essentially isothermal combustion.
This embodiment will produce high power, while avoiding
detonation at higher compression ratios.

FIG. 6 shows plots for two maximum combustion tem-
peratures (3,300° R. and 4,000° R.), of percent fuel supplied
for constant temperature combustion as a function of com-
pression ratios ranging from 8:1 to 24:1.

FIG. 7 is a plot of heat release rate as a function of engine
crankshaft angle for a maximum combustion temperature of
3,300° R. (First Example, above). A first portion 70 of this
plot shows the heat release rate for the constant volume
process (path 2-3 in FIG. 4). A second portion 72 of the plot
shows the heat release rate for the isothermal process (path
3-4 in FIG. 4).

With reference again to FIG. 3, it will be evident to those
skilled in the art that the invention may be applied to two
cycle engines simply by scheduling the first injection
(volume A) to take place at the beginning of the compression
stroke and the second injection (volume B) to take place as
in the four cycle engine. In the two cycle application, the
active portion of the cam lobe must extend from the begin-
ning of the compression stroke to the end of the isothermal
combustion process. Since this is an extended duration with
a significant non-utilized portion of the lift ramp, a constant
radius portion on the cam can be used to avoid excessively
high total cam lobe dimensions.

Instead of a fuel injection pump (as shown in FIG. 2)
those skilled in the art will understand that a solenoid-
controlled unit injector can be used or, as a further
alternative, a common rail fuel injection system, fed by a
constant-flow, high-pressure pump, can be utilized with the
injectors independently controlled by solenoids. Still further,
it will be obvious to those skilled in the art that piezoelectric
actuators may be substituted for the solenoids where very
short injector energization times (that is, small fuel
quantities) are required. Piezoelectric actuators may also be
utilized to provide a higher degree of control over injection
since such injectors may be used to inject multiple discrete
quantities with the result that the process will more closely
follow the ideal isothermal process paths. In accordance
with yet another alternative, a piezoelectric device may be
substituted for the pump plunger in a unit injector, thus
eliminating the requirement for a cam to actuate the injector.
To make such an application of a piezoelectric actuator
practical, the piezoelectric device would be actuated mul-
tiple times (for example, 100 times) by the electronic control
unit in order to inject the required total fuel quantities with
a practical size piezoelectric element.

It will also be appreciated that the process diagrams of
FIG. 4 show ideal processes. Real engine paths will depart
to some extent from the ideal cycles shown due to timing,
heat and friction losses. These factors will manifest them-
selves in the cycle diagram as, for example, rounded corners
and displacements of the process lines.

To practice the present invention, it is also possible to
combine a standard carburetor fuel introduction system with
an injectors With reference to the example of FIG. 3, with
such a system, the carburetor would supply the first quantity
(volume A) and the injector would supply the second
quantity (volume B). The use of an injector for introducing
both fuel charges is preferred, however, to minimize cost.

The invention can also be put into practice in combination
with existing Otto, Diesel, lean-burn or stratified charge
engine processes in the same engine at different loads or
different operating conditions.

In some applications there will be a value to limiting
maximum cylinder pressure. In that instance, the invention
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can make use of a further embodiment: a combination of
constant volume combustion, constant pressure combustion,
and constant temperature combustion. In this embodiment of
the invention, heat is released during the constant volume
process in such an amount as to reach the preferred pressure
limit. Heat is then added at constant pressure until the
preferred maximum temperature is reached. The remaining
heat is added isothermally. An example of such an embodi-
ment is shown in the process diagrams of FIG. 8. An engine
operated in accordance with this embodiment will include,
with reference to FIG. 8, the following process paths: path
1-2 is an isothermal compression process during which fuel
is supplied. The fuel supplied early in the compression
process serves two purposes first, the heat of vaporization
reduces the work of compression, second the combustion
temperature is reduced proportional to the cooling provided
by the fuel, and third, the early injection allows time for
preflame reactions to take peace prior to the ignition time,
thus reducing ignition lag (a significant problem for Diesel
or other predominantly direct injection hybrid systems).
Path 2-3 is an isentropic compression process, as already
explained; path 3-4 is an isochoric combustion process with
maximum pressure limited to a preselected value by pro-
portioning fuel quantity A (FIGS. 3); path 4-5 is a constant
pressure, i.e., isobaric, process provided by a first portion of
fuel fraction B (FIGS. 3), said portion being of an amount so
as to continue isobaric combustion until the preselected
maximum combustion temperature is reached; path 5-6 is an
isothermal combustion process at the preselected maximum
combustion temperature; path 6-7 is an isentropic expansion
process; and path 7-1 is an isochoric exhaust process. Each
of the fuel introductions can comprise one or more discrete
quantities so as to follow the ideal processes as closely as
practicable.

With reference once again to FIG. 3, an additional
embodiment of the invention can be put into practice by
subdividing the first fraction (volume A) of the total fuel
quantity into one or more discrete injected fuel portions. For
example, if two such portions were used, these would be
designated portions A' and A", the sum of these two portions
equalling the volume A. In accordance with one example of
this embodiment, the first fuel portion A', comprising 40%
of the total fuel, would be injected during the interval from
10° to 80° of engine crank shaft rotation and the second fuel
portion A", comprising 16% of the total fuel, would be
injected during the interval from 320° to 350° of engine
crank rotation. This embodiment provides a chemically
correct fuel/air mixture surrounding the spark plug for the
first phase of combustion serving to extend the lean misfire
limit as well as further reducing the creation of No, by
avoiding the presence of unburned oxygen in the first
combustion phase.

With reference once again to FIG. 1, this arrangement can
readily be used to produce a lean overall fuel/air mixture in
the entire combustion chamber 20, along with an ignitable
fuel/air mixture in that portion of the combustion chamber
adjacent to the spark plug 34. This spatial stratification will
be in combination with temporal stratification with injection
timing for the fuel portion A" provided by solenoid 44
actuation just prior to the time that the spark plug provides
an ignition spark. When this arrangement is combined with
inlet pressure, designated as point 1 on FIG. 4(A), elevated
from a naturally aspirated value of about 14.7 pounds per
square inch absolute to a new value as high as about 40
pounds per square inch absolute (i.e., compressed air
through super-or turbo-charging), the power density of an
engine with a compression ratio of 14:1 and a lean overall
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fuel/air ratio of 40% of stoichiometric can equal or exceed
the power density of an equivalent homogeneous charge
naturally aspirated engine. In an arrangement such as this,
inlet pressure at least as high as about 20 pounds per square
inch absolute, typically, would be expected.

Along lines previously adverted to, an alternative arrange-
ment to that of FIG. 1 can be put into practice by use of a
high pressure pump to feed the fuel line 52, eliminating the
use of the individual plunger injection of pump 38 of FIG.
1. Such an arrangement can be put into practice by use of a
substitute injector pump, including a pumping plunger simi-
lar to the plunger 54 of FIG. 2, but actuated by a piezoelec-
tric device to engage the plunger rather than a cam such as
the cam 56. Then the piezoelectric actuator can be operated
multiple times (for example in the range of 100 times),
providing multiple injections for a given combustion activ-
ity or event. With such a piezoelectric device, a compression
ratio, even higher than previously indicated herein, e.g., as
high as about 24:1 is practical. A similar piezoelectric
actuator could be substituted for the solenoid 44 of FIG. 1.
Piezoelectric materials developed by or in association with
NASA Langeley Research Center, and known as the “Rain-
bow” and “Thunder” piezoelectric materials have design
concerns related to those also of concern here.

By combining a higher compression ratio, as high as 24:1,
with a lean burn and multiple infection, the limited tem-
perature cycle can produce higher power combined with
higher thermal efficiency while avoiding detonation (auto-
ignition), at a compression ratio above the highest conven-
tially useful value.

A number of the matters herein are also discussed in a
paper, D. C. Kruse and R. A. Yano, SAE (Society of
Automotive Engineers), Technical Paper No. 951963
(1995), which is incorporated herein by reference.

It will also be understood that the invention can be used
with various fuels such as natural gas, diesel, gasoline and
methanol, as well as with multiple fuels including, for
example, a combination of natural gas for the constant
volume heat release process and diesel fuel for the isother-
mal heat release process.

What is claimed is:

1. A method of operating a spark ignition internal com-
bustion engine, said engine including a combustion chamber
and having an operating cycle including a compressed air
intake process, and a heat input phase comprising a sub-
stantially constant volume combustion process followed by
a substantially isothermal combustion process.

2. A method of operating a spark ignition internal com-
bustion engine as defined in claim 1, wherein:

said processes include providing a substantially lean-burn

fuel/air ratio in at least a portion of the combustion
chamber and a stratified charge.

3. A method of operating a spark ignition internal com-
bustion engine as defined in claim 1, wherein:

said cycle includes a compression ratio of greater than or

equal to 12.

4. A method of operating a spark ignition internal com-
bustion engine, said engine including a combustion chamber
and having an operating cycle including a compressed air
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intake process, and a heat input phase comprising a sub-
stantially constant volume combustion process followed by
a substantially isothermal combustion process, said heat
input phase of said cycle followed by a substantially isen-
tropic power delivery process.

5. A method of operating a spark ignition internal com-
bustion engine as defined in claim 4, wherein:

said processes include providing a substantially lean-burn
fuel/air ratio in at least a portion of the combustion
chamber and a stratified charge.

6. A method of operating a spark ignition internal com-
bustion engine, said engine including a combustion chamber
and having an operating cycle including a compressed air
intake process, and a heat input phase comprising a sub-
stantially constant volume combustion process, followed by
a substantially constant pressure combustion process, fol-
lowed by a substantially isothermal combustion process,
said heat input phase of said cycle followed by a substan-
tially isentropic power delivery process.

7. A method of operating a spark ignition internal com-
bustion engine as defined in claim 6, wherein:

said processes include providing a substantially lean-burn

fuel air ratio in at least a portion of the combustion
chamber and a stratified charge.

8. A method of operating a spark ignition internal com-
bustion engine as defined in claim 6 wherein:

said cycle includes a compression ratio of greater than or
equal to 12.

9. A method of operating an internal combustion expand-
ing chamber piston engine for providing limited temperature
combustion said engine having (1) at least one cylinder and
an associated piston for forming a combustion chamber, said
piston having a top dead center position, (2) an operating
cycle including an intake stroke, a compression stroke and
an expansion stroke, and (3) a fuel introduction systems said
method comprising the steps of:

forming a predetermined fuel/air mixture by introducing

compressed air and a predetermined fraction of the total
fuel required for complete combustion of the process
air in the combustion chamber;

igniting said fuel/air mixture when the piston is substan-

tially at top dead center; and

introducing substantially at the beginning of the expan-

sion stroke, a second fraction of the total fuel required
for complete combustion;

wherein the combustion of the fuel/air mixture resulting

from the fuel first introduced is a substantially constant
volume process; and

wherein the combustion as a result of the introduction of

the second fraction is a substantially isothermal pro-
cess.

10. A method, as defined in claim 9, wherein said pro-
cesses include providing a substantially lean-burn fuel/air
ratio in at least a portion of the combustion chamber and a
stratified charge.
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TMAX = GIVEN
N = GIVEN
OFAR = GIVEN

ISENIROPIC COMPRESSION
10 POINT 2

|

vo=V1/Cr

We=CVU(T1-T12)

TMA=(NV)(N)(V1-V2)P1/21.31T1

POINT 2

EXHIBIT D

Sheet 5 of 9

Pz

2

74

KU

NS
N
we
eV

TMA

FIG. 5A

US 6,405,704 B2

INITIAL CYL. PRESSURE AT BDC
INTAKE SIR, PSIA

INITIAL FLUID TEMP AT BDC
INTAKE SIR, 'R

INITIAL CYL. VOLUME AT BOC
INTAKE STR, INS

CYCLE COMPRESSION RATIO
MAXIMUM CYCLE TEMPERATURE,
R

ENGINE SPEED, RPM

OVERALL FUEL-TO-AIR RATIO

CYL. PRESSURE AT TDC COMPR
SIR, PSIA

FLUID TEMP AT TDC COMPR SR,
®

CYL. VOLUME AT TDC COMPR SIR,
INS

RATIO OF SPECIFIC HEATS,
UNBURNED MIXTURE

ISENTROPIC EFFICIENCY
CYCLE VOLUMETRIC EFFICIENCY
COMPRESSION WORK, BIU/Ibm

SPECIFIC HEAT, CONSTANT VOLUME,
UNBURNED MIXTURE, BIU/Ibm R

TOTAL MASS AIRFLOW, 1b/hr
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FIG. 5B

CYL. PRESSURE AT END OF
CONST VOL COMB, PSIA

FLUID TEMP AT END OF
CONST VOL COMB, 'R

CYL. VOLUME AT END OF
CONST VOL COMB, INS

SPECIFIC HEAT, CONSTANT
VOLUME, BURNED MIX,
(BTU/1bm R)

CONSTANT VOLUME COMB
HEAT, BIU/tbm

OVERALL FUEL FLOW,
Ib/br

TOTAL FUEL HEAT INPUT,
BTU/hr

LOWER HEATING VALUE OF
FUEL, BTU/Ibm
COMBUSTION EFFICIENCY

CYCLE FUEL HEAT INPUI,
BTU/Ibm

CONSTANT TEMP COMB
HEAT, BTU/Ibm
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INTERNAL COMBUSTION ENGINE WITH
LIMITED TEMPERATURE CYCLE

REFERENCE TO RELATED APPLICATIONS

This application is a continuation of U.S. application Ser.
No. 08/685,651, filed Jul. 24, 1996, now U.S. Pat. No.
6,058,904, which is a continuation to and claims the benefit
of U.S. application Ser. No. 08/466,817, filed Jun. 6, 1995,
now U.S. Pat. No. 5,566,650, which is a continuation of
application Ser. No. 08/146,832, filed Oct. 29, 1993, now
U.S. Pat. No. 5,460,128, which in turn is a continuation of
U.S. application Ser. No. 07/919,916, filed Jul. 29, 1992,
now U.S. Pat. No. 5,265,562.

This application is also related to and claims the benefit of
U.S. Provisional Application No. 60/001,617, filed Jul. 28,
1995, through U.S. application Ser. No. 08/685,651, filed
Jul. 24, 1996.

FIELD OF THE INVENTION

The present invention relates generally to internal com-
bustion engines and more particularly to expandable cham-
ber piston engines operating in an open thermodynamic
cycle.

BACKGROUND OF THE INVENTION

Automotive vehicle and engine manufacturers, fuel injec-
tion equipment suppliers and, indeed, society as a whole,
share in the desire for efficient, effective transportation. The
balance between combustion processes to produce power,
and those processes which create pollution, is best addressed
by enhancing the fundamental efficiency of the engine
processes.

It is well known that the ideal Carnot Cycle, in which
isothermal heat addition and rejection are combined with
isentropic compression and expansion, is the most efficient
engine cycle for any given upper and lower operating
temperatures. However, the Carnot cycle is not practical for
an expanding chamber piston engine due to the very high
(over 50:1) compression ratio required to produce significant
power. Nevertheless, a practical process which could make
some use of the highly efficient Carnot process would be an
advance in the art.

The most practical engine, and thus presently the most
predominant, is the Otto cycle engine which includes a
compression process of a fuel-air mixture followed by
unregulated combustion. It is well known that for a given
compression ratio the ideal Otto cycle is the most efficient
expanding chamber piston engine since the Otto cycle
combines high peak temperature with a practical average
temperature of heat input. However, the high peak combus-
tion temperature of an Otto engine can cause auto-ignition of
a portion of the fuel-air mixture, resulting in engine noise
and damage to the engine, as well as the creation of excess
amounts of undesired NOx.

In the past, auto-ignition in Otto cycle engines was
reduced by use of chemical additives to the fuel such as lead
compounds (no longer permitted by law), manganese com-
pounds (which cause spark plug deposits to build up, result-
ing in misfire), benzene (the use of which is presently being
curtailed by legislative mandate) or fuel reformulations to
prevent deleterious auto-ignition while meeting environ-
mental goals. Auto-ignition can also be reduced by limiting
the combustion temperature, either through use of a lower
compression ratio (which reduces both power and
efficiency), or by exhaust gas recirculation, lean-burn or
stratified charge techniques, all of which cause power loss.
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For general purpose road use, the engines of emission-
constrained passenger cars are presently limited to useful
compression of about 10:1. Above that limit the increased
cost of the fuel control system and the additional cost of
more platinum or rhodium for exhaust catalytic converters
generally outweighs the benefit of higher compression
ratios. A technology which would allow a practical Otto
compression process to operate at compression ratios higher
than 10:1 would be an advance in the art.

An improvement on the Otto cycle, as represented by a
higher useful compression ratio, is an ideal Diesel cycle
comprising isothermal heat addition and isochoric (constant
volume) heat rejection combined with isentropic compres-
sion and expansion. This ideal Diesel cycle overcomes the
fuel octane limit of the Otto cycle by utilizing air alone for
the compression process and mixing the fuel with the
process air as part of the combustion process. This allows
use of a low octane-rated fuel, but requires cetane-rated fuel
(enhanced auto-ignition). However, the isothermal process
of the aforedescribed ideal Diesel cycle was found to be
impractical, due to the extremely high compression ratio
(50:1) required, and an alternate heat addition process
(isobaric or constant pressure) was put into practice.

Another variation on the ideal Diesel cycle is the ideal
limited pressure cycle including combined isochoric and
isobaric heat addition, and isochoric heat rejection combined
with isentropic compression and expansion. This combus-
tion process allows an engine to be operated at moderate
compression ratios (14:1 to 17:1 for large open chamber
engines) as well as high compression ratios (20:1 to 25:1 for
small displacement engines).

While Diesel-type engines are fuel efficient, due to their
high compression ratio, they tend to be heavier and lower in
power than an Otto engine of the same displacement. In
addition, all direct injection engines of the Diesel type suffer
from an ignition lag which reduces the control and effec-
tiveness of the combustion process. One way to overcome
this ignition lag is to preheat the fuel to 1,500° R before
injection. This produces hypergolic combustion upon
injection, but is an impractical method due to the short
service life of the injector nozzle.

Hybrid engine processes have been developed incorpo-
rating characteristics of both diesel and spark ignition
engines but these have proven impractical for road use.
Examples of these hybrid processes include the Texaco
TCCS, the Ford PROCO, Ricardo, MAN-FM and the KHD-
AD. All employ open chamber, direct injection spark igni-
tion engines using stratified charge techniques to improve
efficiency. These developmental engines suffer substantial
power loss because of ignition lag, incomplete utilization of
the process air and poor mixing of the fuel/air charge.

Because the limits of current technology are thus being
reached, there exists a need for an internal combustion
engine that will provide a better balance between power
production, fuel efficiency, pollution creation and pollution
control by use of a more practical combination of thermo-
dynamic processes.

SUMMARY OF THE INVENTION

Basically, the present invention meets the foregoing
requirements and constraints by utilizing a new combination
of thermodynamic processes which limits maximum com-
bustion temperatures, thereby enabling an internal combus-
tion engine to operate at a higher compression ratio, a higher
power output or a lower peak temperature with a given fuel.

Broadly, in accordance with one exemplary embodiment,
the invention is practiced by controlling the fuel quantity
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and injection timing of a direct injection system in an
internal combustion engine, so as to produce a combustion
process consisting of a constant volume (isochoric) phase
and a constant temperature (isothermal) phase. The limited
temperature engine cycle so achieved allows the use of
substantially higher compression ratios with a given fuel or
with a given NOx emission limit, thereby providing a higher
practical thermal efficiency than the standard lower com-
pression ratio Otto cycle when measured by fuel/air analysis
or by analyzing the test data of an actual engine.

In addition, the limited temperature cycle so achieved
allows a higher power output and a lower NOX creation rate
at a given compression ratio with a low quality fuel.

In accordance with another aspect of the invention, there
is provided a new method of operating an expanding cham-
ber internal combustion piston engine for providing limited
temperature combustion. Such an engine includes at least
one cylinder and an associated piston for forming a com-
bustion chamber with the piston having a top dead center
position; an operating cycle including an intake stroke, a
compression stroke and an expansion stroke; and a fuel
introduction system. The method of operating the engine
pursuant to the invention comprises the steps of first forming
a predetermined fuel/air mixture by introducing a predeter-
mined fraction in one or more discrete quantities of the total
fuel necessary for complete combustion of the process air.
Next, the relatively lean fuel/air mixture so introduced is
ignited when the piston is substantially at top dead center,
this first phase of combustion thereby comprising a substan-
tially isochoric or constant volume process. The fuel sup-
plied for the isochoric process is an amount which will
produce a greatly reduced temperature of the working fluid,
as low as 3,300 degrees Rankine, or less, even at high
compression ratios. Last, there is introduced, substantially at
the beginning of the expansion stroke, a second fraction (in
one or more discrete quantities) of the total fuel necessary
for complete combustion. The combustion resulting from
the introduction of the second fraction is a substantially
isothermal process. The isothermal process occurs at a
temperature which is significantly less than that attained in
a comparable Otto cycle engine having the same or a
substantially lower compression ratio. NO, emissions are
thereby limited and such reduction is obtained at lower cost
than existing systems.

Those skilled in the art will recognize that the method of
the present invention makes use of the Otto process for the
first phase of the heat input or combustion process and the
Carnot process for the second phase of heat input or com-
bustion process. Comparison of the operating cycle of the
invention with the standard Otto cycle using ideal fuel/air
analysis shows an unexpected benefit from the invention: the
overall operating efficiency of an engine (with a given
compression ratio) will be greater using the limited tem-
perature cycle of the present invention than when using the
Otto cycle, when high temperature losses are considered.
This increase in efficiency at a given compression ratio is a
benefit derived from reduced cycle temperature.

Another advantage of the present invention is that it
allows an engine to be operated more efficiently (at a higher
compression ratio) than is possible with present engines. The
most readily available motor vehicle gasoline fuels have
combustion quality ratings of about 90 octane, which gen-
erally limits many engines to a compression ratio of about
10:1 for public road use. Since octane rating is indirectly
related to high combustion temperature (high operating
temperatures require high octane fuel), and the invention
reduces the operating temperature, it follows that the inven-

EXHIBIT D

5

10

15

20

25

30

35

40

45

50

55

60

65

4

tion enables the use of a higher engine compression ratio
with a commensurate gain in engine efficiency.

In sum, the method of the present invention allows a
practical engine to make use of an ideal process: during the
isothermal combustion process, heat energy is converted
directly to work. The invention utilizes present engine
design and materials and may be practiced by modifying
existing internal combustion engines to incorporate the
desired compression ratio and appropriate fuel introduction
systems.

BRIEF DESCRIPTION OF THE DRAWINGS

Further objects, advantages and features of the invention
will become evident from the detailed description of the
preferred embodiment when read in conjunction with the
accompanying drawings in which:

FIG. 1 is a schematic representation of a portion of a
four-cycle internal combustion engine utilizing the prin-
ciples of the present invention;

FIG. 2 is a side elevation view, in cross section, of a
solenoid-operated fuel injector which may be used in the
engine depicted in FIG. 1, the injector including a plunger
cam providing fuel injection volumes and rates in accor-
dance with the present invention;

FIG. 3 includes plots of (1) fuel injector plunger lift
versus engine crank angle and (2) injected fuel volumes
versus engine crank angle in accordance with one exemplary
operating condition of an engine in accordance with the
present invention;

FIG. 4 shows pressure-volume and related engine cycle
diagrams further explaining the cycle of the present inven-
tion;

FIGS. SA-5C together depict a flow chart showing steps
for analyzing the engine cycle of the present invention and
for calculating engine performance and other operating
parameters;

FIG. 6 includes plots of percent fuel supplied for constant
temperature combustion vs. compression ratio for two maxi-
mum temperature (3,300° R and 4,000° R);

FIG. 7 is a plot of heat release rate vs. crank shaft angle
for a process according to the invention having a maximum
temperature of 3,300° R; and

FIG. 8 shows pressure-volume and related engine cycle
diagrams relating to another embodiment of the invention.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

With reference to FIG. 1, there is shown in schematic
form a normally aspirated, four-cycle spark ignition engine
10 employing the teachings of the present invention. It will
become evident to those skilled in the art that the advantages
of the invention may be realized with two-cycle spark
ignition engines, as well as Wankel rotary-type engines and
those that are turbo- or supercharged. Further, although a
single cylinder is shown in FIG. 1 for simplicity, it will be
understood that an engine incorporating the invention will
typically have multiple cylinders.

The engine 10 comprises a block 12, a cylinder head 14
and a cylinder 16 having a piston 18 adapted to reciprocate
between top and bottom dead centers within the cylinder 16
to define with the cylinder 16 a combustion chamber 20. The
reciprocating motion of the piston 18 is converted to rota-
tional output motion by means of a connecting rod 22 and a
crankshaft assembly 24, all as well known in the art. As will
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be explained in greater detail below, in accordance with the
invention the compression ratio of the engine 10 will typi-
cally be substantially higher than that ol a conventional
automotive spark ignition internal combustion engine. For
example, while a conventional engine may have a compres-
sion ratio of 8:1 to 10:1, an engine employing the teachings
of the present invention may have a compression ratio of
18:1.

The engine 10 further includes an air induction system 26
including an air intake valve 28 in the cylinder head 14. The
valve 28, along with an exhaust valve (not visible in FIG. 1),
is actuated by a conventional cam shaft 30 and related valve
train mechanism 32. Also mounted in the cylinder head 14
is a spark plug 34 whose energization is controlled and timed
by means well known in the art.

Referring now also to FIG. 2, fuel is supplied to the
engine 10 by a fuel injection system 36 which precisely
regulates the fuel/air mixture for combustion and exhaust
emission control. The fuel injection system 36 includes an
electrically actuated fuel injection pump 38 installed in or
adjacent to the cylinder head 14 and adapted to inject
predetermined quantities of fuel directly into the combustion
chamber 20 via an injection line 40 and an injector nozzle 41
terminating inside the combustion chamber 20 and adjacent
to the spark plug 34. The injector pump 38 may, for example,
take the form of a Model 200 fuel injection unit manufac-
tured by AMBAC International, with a modified cam as
described below and the addition of a solenoid 44. The
injector pump 38 has a fuel spill valve 42 operated against
the bias of a spring 43 by the solenoid 44 energizable by a
solenoid drive unit (SDU) 46. The drive unit 46 is in turn
controlled by an electronic control unit (ECU) 48 which
monitors, by means of appropriate sensors, selected engine
operating conditions such as intake and exhaust manifold
pressures, engine speed, ignition firing position, throttle
position, engine temperature, and so forth. Electrical signals
representing these conditions are applied as inputs 50 to the
control unit 48. As is known in the art, the electronic control
unit 48, based on the multiple inputs 50, electronically
calculates the timing and metering of the fuel introduced
into the combustion chamber 20 by the injection pump 38.

Fuel is supplied to the fuel injector unit 38 by a feed pump
(not shown) through a fuel line 52 at a sufficiently high
pressure to produce proper fuel flow and to prevent vapor
formation in the fuel system during extended high-
temperature operation. When the solenoid 44 is energized by
the solenoid drive unit 46, the valve 42 closes and, because
the displacement of the plunger 54 is known, the fuel
quantity injected is controlled solely by varying the injector
pulse width, that is, the duration the valve 42 is held closed.

The injector pump 38 includes a piston type pumping
plunger 54 actuated by a cam 56 having a cam follower
surface or cam lobe 58 in engagement with the plunger 54;
the cam 56 is rotatable at engine crank shaft speed.

As shown in FIG. 3, the cam 56 has a lift profile, as a
function of crank angle, having a first linear portion 60 rising
from a base circle 62 to a maximum lift of about % inch
through an angular crank displacement of about 180°, and a
second linear portion 64 dropping back to the base circle in
about 60° of crank displacement.

FIG. 3 shows a fuel injection schedule for a single,
exemplary operating condition, namely, wide open throttle
for a Limited Temperature Cycle, four-cycle engine having
a compression ratio of 18:1 and a peak temperature of about
3,300° R. The fuel injection schedule of FIG. 3 provides for
two successive injections of fuel volumes A and B. As
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already explained, the fuel volumes A and B are functions
only of the durations that the injector 38 is active, as
determined by the electronic control unit 48.

Usually, a fuel injection pump is driven at camshaft speed,
that is, at one half engine crankshaft speed. Here, the pump
is rotated at engine crankshaft speed with the embodiment
shown in FIG. 2 having its cam lobe 58 starting its lift
essentially at the beginning of the engine intake stroke (0°).
This provides a first fuel injection volume (shown as A in
FIG. 3) during the intake stroke, similar to an Otto engine.
The pump cam 56 completes its first rotation at the end of
the engine compression stroke (360°). The next rotation of
the pump cam 56 will inject the second fuel volume (volume
B) during the power stroke in a manner which produces
essentially constant temperature combustion.

Fuel volume A, comprising about 56% of the total fuel
required for complete combustion of the process air, is
injected during the intake stroke of the piston 18 between
about 10° and 120° (engine crank angle) after top dead
center. Substantially at the end of the compression stroke
(360° or top dead center), the second volume, B, comprising
the remaining 44% of the total amount of fuel required for
complete combustion, is injected, such second injection
terminating at about 60° after TDC, i.e., at about 420°.
Ignition by the spark plug 34 in the example under consid-
eration will typically be provided at 5° to 10° before top
dead center.

The combustion of the fuel/air mixture based on injected
volume A comprises a first combustion phase which, as in
the standard Otto cycle, is a substantially constant volume
process. The first combustion phase will, of course, com-
prise a very lean mixture which, in the absence of the second
phase of combustion to be described, would tend to mark-
edly reduce engine power. The combustion of fuel volume B
takes place at substantially constant temperature, that is,
isothermally, providing both power and efficiency. It has
been determined that the temperature at which this second
combustion phase takes place is limited and less than that
which would be attained in a standard Otto cycle engine of
even modest compression ratio, for example, 8:1 or 10:1.
Thus, the limited temperature cycle of the present invention
permits the designer to dramatically increase the compres-
sion ratio of an engine for a given fuel, for example, to as
high as about 18:1, providing all of the advantages, includ-
ing high efficiency and power output, derived from a high
compression ratio engine without the thermal, detonation
and emission penalties.

A majority of the fuel is pre-mixed, generally 50% to
90%, for constant volume combustion. This first process is
combined with a second fuel portion supplied during the
combustion process at a rate to, first, limit maximum
pressure, and second, limit maximum cylinder temperature.

The engine cycle of the present invention has a higher
thermal efficiency than a Carnot cycle with the same average
temperature of heat input.

FIG. 4 shows three engine cycle diagrams (pressure-
volume, temperature-volume, and temperature-entropy)
comparing examples of the limited temperature cycle of the
present invention for two maximum combustion chamber
temperatures (T,,.), namely, 3,300° R and 4,300° R. The
engine cycle of the first example (T,,,,.=3,300° R) is defined
by the points 1-2-3-4-5-1 in the diagrams of FIG. 4 and that
of the second example (T,,,.=4,300° R) by the points
1-2-3'-4'-5'-1. In FIG. 4, path 1-2 is an 18:1 isentropic
compression and paths 2-3 and 2-3' are constant volume
combustion processes using, in the first example, 56% of the
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fuel necessary for complete combustion of the process air.
Paths 3-4 and 3'-4' are isothermal processes using, in the first
example, the remaining 44% of the [uel. Paths 4-5 and 4'-5'
are isentropic expansion processes and paths 5-1 and 5'-1 are
constant volume exhaust processes.

Using the ideal fuel/air analysis of FIGS. SA-5C, the
conditions or rates at each point for the two examples of
FIG. 4 may be calculated as follows:

FIRST EXAMPLE
CR=18.0T,=3300° R

max

Point 1—Initial Conditions at BDC, Intake Stroke:
where:

P1 = initial pressure

Vi = initial volume

T1 = initial temperature

N = engine speed

N, = compression/expansion efficiency
F/A = fuel/air ratio

M, = air mass flow

LHV = fuel lower heating value

N, = volumetric efficiency

NCOMB =  combustion efficiency

Point 2—Following Isentropic Compression (Path 1-2):

K, =137
Cyainy = -186 Btu/Ibm — °R

503 .
V2=VI/CR="22 =279 in

8
VKL
= -1
(VZ]

(18%7y -1

12=T1
95

+1 :530[ +1}:,1597°R

VIY 137 :
P2 = Pl(ﬁ] =14.7(18)""" =771 psia

WC = Cy(TI - T2) = .136(530 — 1597) = =198 Btu /Ibm

Point 3—Following Limited Temp. Comb. @ Constant
Volume (Path 2-3):

T3 = Tmax = 3300°R
P3=P2T3/T2) = (771)(@] = 1593 psia
1597
Cy(ex) = 242 Btu/lbm °R
V3=V2=279in*

O, = C(T3 - T2) = 242(3300 - 1597) = 412 Btu/Ibm
My = F/A(Ma) = (.0416) - (130) = 5.408 Ib/hr
Qi = (My) (LHV) = (5.408) (18,300) = 98,966 Bru/hr

(No(QTOoT)  (LD) (98.966)

adle = (T OFAR) (TMA) _ (1.0416) (130)
Qcv/ Qeyete =412/731 = 56.4% « % of comb at c.v.

=731 Btu/lbm

Point 4—Following Constant Temperature Combustion and
Expansion (Path 3-4):

Qct = Qcycre — Qv = 731 —412 = 319 Btu/lbm « (43.6% at C.T.)

EXHIBIT D

8

-continued
T4 = T3 = 3300°R

A 319) (778) ‘
= (v3)el057) = 279) SIS _ ;
S V4 = (Ve "R = (279 53 (3300) 11.41in°
P4= P3( V3] = 1593(—2'79 ] =389 psi,
=P\ )T P ) T
Were =
(BT P (SBAHE0) (1598
10 7 (g = = 3gp ) (99 = 303 Bus/iom

Point 5—Following Isentropic Expansion (Path 4-5):
15

Koo =126
Cpex = 325
Coee = 25
20
Vs = V = 50.3in®
T5=
V4L 114112671
T4|1 - Ng[1 - [ =3300|1 -.95[1 - ———— || = 2297°
[ S( (v5) ]] [ ? [ 503 H I
25
Ps5 = P4( V4)KRX B (11.41]1'26 60 psi
M) T ) TR
Wgx = C,(T4 - T5) = .25 (3300 - 2297) = 251 Btu/Ibm
30

Performance Summary of Cycle of First Example:

Wer = WC + WEXT + WEX = —198 +303 + 251 = 356 Btu/Ibm
(L+F/A)(Ma) W) (LO416)(130) (356)

35 - =18
Iap 2545 2545 18.90HP
(792,000 (IHP)  (792000) (18.94)
IMEP = = = 158 psi
N(VI—V2)  (2000)(303-2.79) ~ P4
Ne = et _ 36 _ 1 74
40 T O 73l R

SECOND EXAMPLE
Point 1—Initial Conditions at BDC, Intake Stroke:
Same as first example.
Point 2—Following Isentropic Compression (Path 1-2):
Same as first example.
Point 3—Following Limited Temp. Comb. @ Constant

" Volume (Path 2-3":

Ty = Tmax =4300°R

4300

P3 = P2T3 |T2) = (771)( 557

] = 2076 psia

55 C, = (exh) = 242 Btu/lbm °R
V3 =v2=279in’

Qe, = C,(T3' = T2) = 242(4300 — 1597) = 654 Bru/lbm
6 M = F | A(Ma) = (.0416) (130) = 5.408 Ib/hr

Qur = (M) (LHV) = (5.408) (18,300) = 98,966 Btu /hr

N.) (QTOT 1.0)(98,966
Qode = 7 j—O;fAQR) (TA)/IA) = ((1.04)156)(130)) =131 Bu/lom

65

Qcv [ Qeycte =654 /731 = 89.5% « % of comb at c.v.
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Point 4—Following Constant Temperature Combustion and
Expansion (Path 3'-4"):

Qcr = Qcycre — Qo =731 — 634 =77 Btu/lbm « (10.5% at C.T.)

T4 = T3 = 4300°R
a7 (778)

J
va = (V3)el2Rm) = 0790 — 20 _ 360 ip
(V3e @79¢ 532y @a0ny ~ 62
e =3[ 2 = 207 222) = 1600 psi
-73{i7) =27 55 = 1600 st
Were =
(R)(T4’)(1 P3’]N _ GO0, 0T6Y o
7 e )T s “(1600](' ) =729 Bu/lom

Point 5—Following Isentropic Expansion (Path 4'-5'):

K. =126
Cper = 325
Croxe =25

Vi =V, =503in®

15 =

el ool

ps = pa 2 —1600(3'62]1'26—58 i
=lve) TP s3) TR

3.601-26-1
503 H =2.275°R

Wiy = C(T4 — T5') = .25(4300 — 2275) = 506 Btu/lbm

Performance Summary of Cycle of Second Example:

W,er = WC + WEXT + WEX = —198 +72.9 + 506 = 381 Btu/lbm
(1+F/A) (Ma) W) (1.0416)(130) (3.81)

IHP = 2545 2545 =20274p
EP (792,000) (IHP) _ (792000)2027) 169 nei
T TNMVI—V2) T (2000)(50.3-2.79) 2P
N W 3L
cyc — E - m - (2

In another embodiment of the invention, the fuel supplied
for the isochoric event may be an amount which will
produce a temperature of the working fluid of around 4,000
degrees Rankine, somewhat less than that produced by
unconstrained combustion, with the remainder of the fuel
supplied proportional to the increase in volume during the
power stroke, to produce essentially isothermal combustion.
This embodiment will produce high power, while avoiding
detonation at higher compression ratios.

FIG. 6 shows plots for two maximum combustion tem-
peratures (3,300° R and 4,000° R), of percent fuel supplied
for constant temperature combustion as a function of com-
pression ratios ranging from 8:1 to 24:1.

FIG. 7 is a plot of heat release rate as a function of engine
crankshaft angle for a maximum combustion temperature of
3,300° R (First Example, above). A first portion 70 of this
plot shows the heat release rate for the constant volume
process (path 2-3 in FIG. 4). A second portion 72 of the plot
shows the heat release rate for the isothermal process (path
3-4 in FIG. 4).

With reference again to FIG. 3, it will be evident to those
skilled in the art that the invention may be applied to two
cycle cngines simply by scheduling the first injection
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(volume A) to take place at the beginning of the compression
stroke and the second injection (volume B) to take place as
in the [our cycle engine. In the two cycle application, the
active portion of the cam lobe must extend from the begin-
ning of the compression stroke to the end of the isothermal
combustion process. Since this is an extended duration with
a significant non-utilized portion of the lift ramp, a constant
radius portion on the cam can be used to avoid excessively
high total cam lobe dimensions.

Instead of a fuel injection pump (as shown in FIG. 2)
those skilled in the art will understand that a solenoid-
controlled unit injector can be used or, as a further
alternative, a common rail fuel injection system, fed by a
constant-flow, high-pressure pump, can be utilized with the
injectors independently controlled by solenoids. Still further,
it will be obvious to those skilled in the art that piezoelectric
actuators may be substituted for the solenoids where very
short injector energization times (that is, small fuel
quantities) are required. Piezoelectric actuators may also be
utilized to provide a higher degree of control over injection
since such injectors may be used to inject multiple discrete
quantities with the result that the process will more closely
follow the ideal isothermal process paths. In accordance
with yet another alternative, a piezoelectric device may be
substituted for the pump plunger in a unit injector, thus
eliminating the requirement for a cam to actuate the injector.
To make such an application of a piezoelectric actuator
practical, the piezoelectric device would be actuated mul-
tiple times (for example, 100 times) by the electronic control
unit in order to inject the required total fuel quantities with
a practical size piezoelectric element.

It will also be appreciated that the process diagrams of
FIG. 4 show ideal processes. Real engine paths will depart
to some extent from the ideal cycles shown due to timing,
heat and friction losses. These factors will manifest them-
selves in the cycle diagram as, for example, rounded corners
and displacements of the process lines.

To practice the present invention, it is also possible to
combine a standard carburetor fuel introduction system with
an injector. With reference to the example of FIG. 3, with
such a system, the carburetor would supply the first quantity
(volume A) and the injector would supply the second
quantity (volume B). The use of an injector for introducing
both fuel charges is preferred, however, to minimize cost.

The invention can also be put into practice in combination
with existing Otto, Diesel, lean-burn or stratified charge
engine processes in the same engine at different loads or
different operating conditions.

In some applications there will be a value to limiting
maximum cylinder pressure. In that instance, the invention
can make use of a further embodiment: a combination of
constant volume combustion, constant pressure combustion,
and constant temperature combustion. In this embodiment of
the invention, heat is released during the constant volume
process in such an amount as to reach the preferred pressure
limit. Heat is then added at constant pressure until the
preferred maximum temperature is reached. The remaining
heat is added isothermally. An example of such an embodi-
ment is shown in the process diagrams of FIG. 8. An engine
operated in accordance with this embodiment will include,
with reference to FIG. 8, the following process paths: path
1-2 is an isothermal compression process during which fuel
is supplied. The fuel supplied early in the compression
process serves two purposes: first, the heat of vaporization
reduces the work of compression, second the combustion
temperature is reduced proportional to the cooling provided
by the fuel, and third, the early injection allows time for
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preflame reactions to take place prior to the ignition time,
thus reducing ignition lag (a significant problem for Diesel
or other predominantly direct injection hybrid systems).
Path 2-3 is an isentropic compression process, as already
explained; path 3-4 is an isochoric combustion process with
maximum pressure limited to a preselected value by pro-
portioning fuel quantity A (FIG. 3); path 4-5 is a constant
pressure, i.e., isobaric, process provided by a first portion of
fuel fraction B (FIG. 3), said portion being of an amount so
as to continue isobaric combustion until the preselected
maximum combustion temperature is reached; path 5-6 is an
isothermal combustion process at the preselected maximum
combustion temperature; path 6-7 is an isentropic expansion
process; and path 7-1 is an isochoric exhaust process. Each
of the fuel introductions can comprise one or more discrete
quantities so as to follow the ideal processes as closely as
practicable.

With reference once again to FIG. 3, an additional
embodiment of the invention can be put into practice by
subdividing the first fraction (volume A) of the total fuel
quantity into one or more discrete injected fuel portions. For
example, if two such portions were used, these would be
designated portions A' and A", the sum of these two portions
equalling the volume A. In accordance with one example of
this embodiment, the first fuel portion A', comprising 40%
of the total fuel, would be injected during the interval from
10° to 80° of engine crank shaft rotation and the second fuel
portion A", comprising 16% of the total fuel, would be
injected during the interval from 320° to 350° of engine
crank rotation. This embodiment provides a chemically
correct fuel/air mixture surrounding the spark plug for the
first phase of combustion serving to extend the lean misfire
limit as well as further reducing the creation of No, by
avoiding the presence of unburned oxygen in the first
combustion phase.

With reference once again to FIG. 1, this arrangement can
readily be used to produce a lean overall fuel/air mixture in
the entire combustion chamber 20, along with an ignitable
fuel/air mixture in that portion of the combustion chamber
adjacent to the spark plug 34. This spatial stratification will
be in combination with temporal stratification with injection
timing for the fuel portion A" provided by solenoid 44
actuation just prior to the time that the spark plug provides
an ignition spark. When this arrangement is combined with
inlet pressure, designated as point 1 on FIG. 4(A), elevated
from a naturally aspirated value of about 14.7 pounds per
square inch absolute to a new value as high as about 40
pounds per square inch absolute (i.e., compressed air
through super-or turbo-charging), the power density of an
engine with a compression ratio of 14:1 and a lean overall
fuel/air ratio of 40% of stoichiometric can equal or exceed
the power density of an equivalent homogeneous charge
naturally aspirated engine. In an arrangement such as this,
inlet pressure at least as high as about 20 pounds per square
inch absolute, typically, would be expected.

Along lines previously adverted to, an alternative arrange-
ment to that of FIG. 1 can be put into practice by use of a
high pressure pump to feed the fuel line 52, eliminating the
use of the individual plunger injection of pump 38 of FIG.
1. Such an arrangement can be put into practice by use of a
substitute injector pump, including a pumping plunger simi-
lar to the plunger 54 of FIG. 2, but actuated by a piezoelec-
tric device to engage the plunger rather than a cam such as
the cam 56. Then the piezoelectric actuator can be operated
multiple times (for example in the range of 100 times),
providing multiple injections for a given combustion activ-
ity or event. With such a piezoelectric device, a compression
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ratio, even higher than previously indicated herein, e.g., as
high as about 24:1 is practical. A similar piezoelectric
actuator could be substituted for the solenoid 44 of I'IG. 1.
Piezoelectric materials developed by or in association with
NASA Langeley Research Center, and known as the “Rain-
bow” and “Thunder” piezoelectric materials have design
concerns related to those also of concern here.

By combining a higher compression ratio, as high as 24:1,
with a lean burn and multiple injection, the limited tempera-
ture cycle can produce higher power combined with higher
thermal efficiency while avoiding detonation (auto-ignition),
at a compression ratio above the highest conventionally
useful value.

A number of the matters herein are also discussed in a
paper, D. C. Kruse and R. A. Yano, SAE (Society of
Automotive Engineers), Technical Paper No. 951963
(1995), which is incorporated herein by reference.

It will also be understood that the invention can be used
with various fuels such as natural gas, diesel, gasoline and
methanol, as well as with multiple fuels including, for
example, a combination of natural gas for the constant
volume heat release process and diesel fuel for the isother-
mal heat release process.

What is claimed is:

1. A method of operating an internal combustion expand-
ing chamber piston engine for providing limited temperature
combustion, said engine having (1) at least one cylinder and
an associated piston for forming a combustion chamber, said
piston having a top dead center position, (2) an operating
cycle including an intake stroke, a compression stroke and
an expansion stroke, and (3) a fuel introduction system, said
method comprising the steps of:

forming a fuel/air mixture by introducing a fraction of the

total fuel for the cycle;

igniting the fuel/air mixture when the piston is substan-

tially at top dead center; and
introducing at least one additional fraction of the total fuel
for the cycle during combustion in a predetermined
phase relationship to the top dead center position;

wherein the timing of the introduction of the fuel fractions
and the quantities of the fuel fractions limit the maxi-
mum combustion temperature to achieve a lower emis-
sion value for nitrogen oxides.

2. Amethod as defined in claim 1, wherein the maximum
combustion temperature is substantially defined by an iso-
thermal line on a pressure-volume diagram for a cylinder
and cycle.

3. Amethod as defined in claim 3, wherein the timing and
quantities of the fuel fractions introduced into the combus-
tion chamber produce a combustion temperature that is less
than or equal to the temperature for the isothermal line.

4. A method as defined in claim 1, wherein the fuel
expansion stroke includes a substantially isentropic power
delivery process.

5. A method of operating a spark ignition internal com-
bustion expanding chamber piston engine for providing
limited temperature combustion, said engine having (1) at
least one cylinder and an associated piston for forming a
combustion chamber, said piston having a top dead center
position, (2) an operating cycle including an intake stroke, a
compression stroke and an expansion stroke, and (3) a fuel
introduction system, said method comprising the steps of:

forming a predetermined fuel/air mixture by introducing

air compressed to at least 20 pounds per square inch
and fuel for combustion of the air into the combustion
chamber, the fuel/air mixture being substantially less
than stoichiometric;
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compressing the fuel/air mixture to a state less than the 7. A method of operating an internal combustion engine,
autoignition state of the fuel/air mixture with a com- said engine having an operating cycle including an intake
pression ratio of at least 14:1; process, a compression process followed by an expansion

igniting the fuel/air mixture when the piston is substan- process which includes a heat input phase, the method
tially at top dead center; 5 including the step of introducing fuel into the combustion

wherein the combustion of the fuel/air mixture is sub- chamber during said intake process, the vaporization of the
stantially a limited temperature process proceeding fuel so introduced substantially reducing the work of com-
without autoignition. pression.

6. A method as defined in claim 5, wherein the fuel/air

mixture is about 40% of stoichiometric. LI
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