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(57) Abstract: An air bottoming powertrain, suitable for use in automobiles includes an internal combustion engine (18), a compres-
sor (1) which receives gaseous working fluid and compresses it to an elevated pressure, a cooler (16) for operating the compressor
isothermally, an expander (4) for deriving work from the compressed gas and a heat exchanger (3) located in the compressed gas
line for indirect heat exchange between the compressed working fluid and exhaust gas from the internal combustion engine. The
o expander may have a cylindrical barrel with a plurality of cylinders arranged in a circle and open at one end face of the cylinder

barrel, which end face is sealed closed by a valve plate. The cylinder barrel and valve plate allow relative rotation therebetween to
drive an output shaft, driven by compressed gas from the compressor.
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HIGH EFFICIENCY, ALR BOTTCMING ENGINE

BACKGROUND OF THE INVENTION

Field of the Invention

The field of the present i1invention 1s 1nternal combustion
engines for motor vehicles and, in particular, utilization of the
heat energy normally dlscarded 1n the exhaust of intexrnal

combustion engines by convertlng the heat tc mechanical work in a

highly efficient manner, thereby increasing the overall efficiency

of fuel utilizatcion.

Prior Arxrt

The growing utilization c<f automobiles greatly adds to the
' £ L U 11 Lncludi Ld f
atmospheric presence o¢f wvaricus pollutants 1ncludlng oxides OrC

nitrogen and greenhouse gases such as carbon dioxide.

Internal combustion engines create mechanical work from fuel
energy by combusting the fuel over a thermodynamic cycle consisting
typically of compression, ignition, expansilon, and exhaust.
Expénsion is the process in which high pressures created by
combuétion are deployed against a piston, converting part of the

released fuel energy to mechanical work. The efficiency of this

SUBSTITUTE SHEET (RULE 26)
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process 1s determined 1in part by the thermodynamic =fficiency of
the cycle, which is determined in part by the final pressure and
Cemperature to which the combusted miIxture can be expanded while

performing work on the moving pliston.

Ul

Generally speaking, the lower the pressure and temperature
reached at the end of the expansion strxoke, the greater the amount
of work that has been extracted. In conventional engine designs,
expansion 1s limited by the fixed maximum volume of the cylinder,
since there 1s only a finite volume available i1in which combusting

0 gases may expand and still perform work on the piston. This makes

it impractical to expand to anywhere near ambient temperature and
pressure, and instead a large amocunt of energy remains and 1S
normally discarded with the exhaust. The production of work from

the 1nitial expansion of combustion cases 1s commonly referred to

'.__
Ul

as “topping,” while the extraction of work from once-expanded gases

is referred to as a “bottoming cycle.”

Bottoming cycles are cdmmonly employed as part ¢f the combined

cycle operation of steam power plants. “Performance Analysls oC

Gas Turbine Air-Bottoming Combined System,” Energy Conversion

20 Management, vol. 37, no. 4, pp. 2399-403, 1996; and “Air Bottoming
Cycle: Use of Gas Turbine Waste Heat for Power Generation,” ASME

Journal of Engineerin Power

for Gas Turbines and

, vol. 118, pp.

359-368, April 1996 are representactive of the state of the art 1n

this field. Exhaust nheat rejected ZIrom a primary gas turbine (tCne

SUBSTITUTE SHEET (RULE 26)
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topping cycle) 1s used to heat wataer to procuce steam that is
expanded 1n a seccondary steam =Turbine (the pottoming cycle).

Although 1n this case the working fluid of the bcttoming cycle is

—— <9 - o ' — T : ¢
steam, other fluids having mors favcrable physical or thermodynamic
properties may be used, fcor instance ammonia-water mixturas or even

a gas.

Bottoming cycles that employ water/steam or any other
recirculating medium as the working fluid must provide additional
nardware for recilrculation and purification. For 1instance,
steam-based plants require a boiler, a sophilisticated steam turbine,
condenser, purification systerﬁ CO prevent mineral deposits and
scaling, pumps, etc. For this reason, they are practically limited
to stationary applications such as public power utilities and

lndustrial plant use and are precluded from mobile applications

such as motor vehicles.

Motor vehicles represent a large portion of total energy use

»

1n the world todav. There are, of course, differences between

stationary power plants and power plants of motor vehicles. First,
motor vehilcles usually do not employ a turbine in the topping phase
and so produce a less uniform flow rate of gases in the exhaust.

Second, for a motor vehicle the equipment devcted to the bottoming
cycle should be low cost, relatively simple to operate and

maintain, and lightweight. Third, in a motor vehicle the working

fluid of the bottoming cycle should be safe and not reguire

SUBSTITUTE SHEET (RULE 26)
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exXxtarnsive recirculaticn harcware.

The use of air as a working =Zluid for stationary power
gen=2rating applications has opeen investigated. in US Patent
4,751,814, “Air Cycle Thermccynamic Conversion System,” a gas

turcine topping cycle 1s combinec with an alr turbine bottoming
cycle. Alr 1s compressed 1n an int=rcooled multi-stage compression
system that mailintains alr temgerature as low as possible. Heat
rrom the turbine exhaust 1s transiesrred to the compressed air via
a counter flow heat exchanger, and the heated compressed air is
expanded through an air turpbine Zo Drovide at least sufficient work
Lo run the compressors and cTreferakbly enough to use for other

L

purposes. Thlis system obviatass sophlsticated purification and
processing of the working If_-uic f(atmospheric air) 1f it 1s
reclrculated at all, and dispenses with bulky steam handling

egquipment. However, the system cespencs on turbine-based topping

and bottomlng apparatus which 1s ot well suited to conventional

motor vehlcle applications.

Piston (or other means with sealed moving surfaces)
compressors and expanders provide high efficiency for the processes
ct compression and expansicn, 2ut exhibit friction that 1is
generally higher than a gas turzine of the same size (i1.e.,
operating at similar gas flcw rates). However, gas turbines
(esvecrally for the smaller s-_zes that would be needed for road

venicles) do not provide process efficiency as high as desired

‘
iy
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pecause of gas leakage around zhe edges of the turbine blades (the

moving surfaces), which are nct ssaled.

Further, gas turbilnes operate at extremely high speed (often

greater than 100,000 RPM), and the speed reduction gearing

necessary to provide mechanical power at speeds usable in a mobile

vehicle (e.g., less tnan 6,000 RPM) is costly and inefficient.

SUMMAKY OF THE INVENTION

Therefore, an object of Chls invention 1s to provide a power

train inclusive of a bottcmling cyclie which 1is suitable for use in

automcphilles.

Another object of the present invention i1s to provide such a

power traln uslng alr as a worxing fluid in the bottoming cycle.

Yet another object of this invention i1s to provide a sea.led

movin surface compressor and s=xpander design <that performs
compression and expansion wlth minimal friction, so that the net
efficiency 1is significantly greater than that achievable with gas

Curhbines.

A further object ©f tnls invention is to provide compressor
and expander designs that cperate efficiently at speeds below 6,00C

RPM.

SUBSTITUTE SHEET (RULE 26)
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AcCCordingly, the present invention provides an air bottcmin
power train which includes a scurce of combustion exhaust gas, e.g.
the 1nternal combustion engine (ICE) cf an automobile; a compressor
which receives a gaseous wcrking £fluid and compresses to an
elevated pressure; a ccooler Ior cooling the compressor to provide
near isothermal compressicn; an expander having a plurality of
cylinders, each cylinder having a piston reciprocally mounted
therein and operating i1n a two stroke cycle including an expansion
stroke and an exhaust stroke, the pistons driving an output shaft;
a ccmpressed gas line [or teeding the compressed gaseous working
fluid from the compressor to the expander; and an expander valve
for successively admitting toe compressed gaseous working fluid
from the compressed gas line into individual cylinders of said
expander 1n successlion ana for continuously admitting the
compressed gaseous working fluid to an individual cylinder through

a first portion of the expansion stroke to maintain constant

pressure. A heat exchanger 1s located in the compressed gas line

for lndirect heat exchange between the ccmpressed gaseous working
fluid and the exhaust gas, and is £fed the exhaust gas by an exhaust

gas line running through the nesat exchanger.

A preferred expander 1includes a cylinder barrel with a

plurality of cylinders formed in a circle within the cylinder

barrel, open at one end face cf the cylinder barrel and closed at

an opposite endface of the cyvliincer barrel. A valve plate seals
closed the one end of the cylinder barxel. The valve plate has a
S
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compressed gas inlet and an exhaust gas outlet. The cylinder
barrel and the valve plate are mounted I[or relative rotation
therebetwezn, the relative rotatlion serving to drive an output
shaft. The expander preferably has a bent-shaft configuration, and
has a total displacement which changes as an angle between the
cylinder barrel and the cutput shaft is changed. The valve plate
my have an arcuate groove in a face sealing agalnst said cylinder
barrel, the arcuate groove being in communication with the exhaust

gas outlet and in registex with the circle.

A second preferred embodiment of the expander 1s a Scotch yoke

piston motor including plural paired and axially aligned cylinaders

on opposing sides of an cutput shaft and pistons reciprocally
mounted in the cylinders and drivably connected to the output
shaft. Each cylinder is axially divided into a thermally insulated
outer portion and a cooled i1nner portion, the Insulated outer
portion being separated from the cooled inner portion by a thermal
brake: and further, each piston is axially divided 1nto a hollow
outer and a cocoled 1inner seétion, che cooled inner section having
an exterior surface bearing oil rings sealing with the cooled i1nner
portion of the cylinder, the hollow outer section being thermally

isolated from the cooled inner secticn by a thermal brake.
The present invention utilizes an air bottoming cycle 1in

conjunction with unigue multi-cylinder piston compressor ana

expander designs that are well suited for use wlth the conventional

SUBSTITUTE SHEET (RULE 26)
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automotlve exhaust gas stream.

An 1deal representation o¢f the desired alir bottoming

thermodynamic cycle is shown in Figure 1. The line ab represents
intake of working fluid to the compresscr. Line bc represents
1sothermal compression of the workinrng fluid. Line cd represents

absorption of heat by the working f£luid at constant pressure during
constant pressure expansion. Line db represents adiabatic
expansion of the heated compressed gas to ambient conditions,
producing the maximum possible work. Line ba represents the

exhaust of the expanded air before the peginning of the next cycle.

The present invention effects an air bottoming c¢vycle
consisting of five distinct phases: (1) Compression, made
relatively isothermal by cooling, of a gaseous working fluid such
as alr in a compressor, and optional buffering of the compressed
air stream in an optional surge tank to reduce fluctuations in the
neat exchanger inlet stream; (2) Addition of heat to the compressed
working fluid at relatively constant pressure through a device such
as a counter rlow heat exchanger recovering heat from the internal
combustion engine exhaust: (3) An initial, near constant pressure,
expansion of the heated, compressed working fluid; (4) A final
relatively adiabatic expansion of the partially expanded working
fluid to as close to ambient conditions as possible, producing the
maximum amount of work and; (5) Exhaust of the expanded working

fluid from the expander or its conveyance to an appropriate

SUBSTITUTE SHEET (RULE 26)
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destination such a&as the air i1ntake of the 1internal combustiocon
engine

The cooled compressor performs a relatively i1isothermal

comprassion of a working fluid sucnh as air, which should be at the
lowest practical temperature kbefore entry to the heat exchanger in
order to maximize the pctential Ifor recovery of heat. Near

1sothermal compression i1s achieved by one or more of the follcowiling

means: cooling the compresscr chamber walls using a water-based
coolant, air or other fluid coolant; increasing the turbulence of
the intake working f£luid to increase the heat transfer coefficient
and in-chamber mixing; increasing the roughness of the chamber
walls to increase boundary layer turbulence and thus heat transtfer
coefZicient and to increase heat transfer area; an oil jet spray to

the bottom of each piston; and injecrting a ligquid 1nto the

compressing working fluid to extract heat from compression through
phase change (evaporation) o©f the 1injected liquid. One unique
feature of the present invention is the option of 1injecting the
liquid fuel (to assist in céoling che compressing alr) that, being

mixed with the exhausted air at the end of the bottoming cycle,

will subsequently be routed o the combustion engilne which suppliles
the hot exhaust gas tc “fuel” this bottcming engine. Methanol or
ethanol are particularly good fuels for this use since they both

can be easily mixed with water to provide an optimum milixture.

SUBSTITUTE SHEET (RULE 26)
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The compressed working f_uild is passed through the opticnal

surge tank and 1nto tne counter flow heat exchanger. The workingc

fluilid experiences a temperature increase, adding energy to the

already compressed gas. Rela:ivelyl constant pressure 1s assurad
because the heated, compressed working fluid enters the expansion
chamber at a rate equal to the propensity for the heat to raise the
pressure of the gas, and thus an initial constant pressursa
expansion phase 1s achieved. After the 1ntake valve 1s closecd,
expansion continues to the end of the expansion stroke, producing
mechanical work as 1t expands. The near-amblent pressure alr
exhausted by the expander could be released to the atmosphere or

optionally fed to the alr intake of the internal combustion engline.

Optionally, the exhnausted gas Zrom the expander can be fed to the
intake of the intsrnal combustion engine (at any boost pressurs)
through the "Phase Change Heat Engine" which indreases tne
efficiency of the overall cycle and serves as an intercooler for

the charge air of the i1nternal combustion engine. The exhaust gas

could also be the source of hsat energy for a "Phase Change Heat

Engine” incorporated 1nto yet another integrated configuration.

The "Phase Change Heat Engine" is disclosed 1in my copending

application filed on even date herewith, the teachings of which ars

incorporated herein by reference.

Use of a surge tank ailcws the use of fewer pistons in the

compressor by moderating Iluctuaticns 1in the compressor outlet

-~

stream and tends LO reduce temperature 1ncrease during eacn

10
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compression stroke.

BRIZE DESCRIPTICON OF THUE DRAWINGS

. dm fm

In the drawlings:

Fig. 1 1s a graph 1illustrating an ideal air-bottoming
thermodynamic cycle utilized in the present invention;
Fig. 2 1s & schematic view c¢Z a first embodiment of a

powertraln 1n accordance with the vresent invention;

Fig. 2 1is an end view of a preferred embodiment cof the

compressor and/or expander ©f the first embodiment depicted in Fig.
2

Fig. 4A 1s a schematic end view of the compressor and/or
expander of the preferred embodiment illustrating the different

phases of operation i1n one cyclie and Fig. 4B 1s a side view of the

embodiment shown in Figs. 23 and 4A4;

Fig. 5 1s an illustration of the drive shaft connection for
the compressor and the expander 1n the drive train of the

embodiment of Fig. 2;

Fig. 6 1s a schematic view of a second embodiment of the

powertrain 1n accordance with the present invention incorporating

—

a second preferred embodiment Ifor the compressor and the expander;

and

Fig. 7 1s a schematic view of one pair of opposing pistons in

the preferred embodiment for the expander shown in Fig. 6.

L1
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» R o TION OF T4 PREFERRED BODTMENTS

Fig. 2 shows a preferred embodiment of the Lnvention as

1ncluding a cooled, fixed or variablie displacement multi-cylinder

PLSTON type compressor 1 of bent-axis design, an optiocnal surge

tank 2, a counter flow heat eXchanger 3, and a fixed or variable

displacement multi-cylinder piston type expander 4 of bent axis

design. Constant pressure during the constant pressure heat

e

addition stage of the cycle s achieved by a unique design ot

expander 4.

Referring to Fig. 2, fresh air or other gascous working fluid
f[lows through the compressor intake 5 into the compressor 1 at

eilther ambient pressure and Cemperature or at a boosted pressure

level. A Dboosted pressure allows reduction of Lhe size of the

compressor and potentially the expander. A “"plug” of compressed

gas exlits the compressor 1 at each compression stroke, through Lhe

—

compressor exhaust port 6 into the surge tank 2, thereby

malntaining a designated tank pressure. A cooling apparatus 16 may

cperate on the compressor 1. The c<¢ooling apparatus of the

preferred embodiment includes a water-based coolant which 1is

)

circulated through a space around each cylinder and through the

nhead and includes a means (not shown) of injecting a ligquid into

the compressing gas to extract heat from compression through phase
change of the injected ligquid. Meanwnile, hot oxhaust gases from

an internal combustion engine or similar device 18 flow through the

12

SUBSTITUTE SHEET (RULE 26)



()1

W

(]

CA 02376594 2001-12-06
WO 01/06108 PCT/US00/18368

heat exchanger exhaust gas intake 9 into the heat exchanger 3 and

out the heat exchanger exhaust 8. In so doing, much of the heat
contained 1n the exhaust gas 1s imparted to the working fluid that
nas concurrently entered the heat exchanger intake 7 and is making
1ts way to the heat exchanger working fluid exhaust port 10.

Periodically, an intake port 13 to the expander 4 opens, and the

expander chamber 14 expands 1n volume as 1t enters an expansion

stroke., As the expander chamber expands, working fluid flows into

the 1ncreasing volume chamber (cylinder) 14 at near constant
pressure until the intake port closes. The intake port closes and
the gas continues expansion in the expander chamker 14, producing

mechanical work on a piston 15 transmitted to an output shaft 12.

After expansion, the near-ambilent pressure alr is exnausted through
the expander exhaust port 11, releasing it to the atmosphere or
opticnally feeding it to the air intake of the internal combustion

engine.

Figs. 3 and 4 show one embcecdiment of an expander of the

present invention having a bent-axis motor design. The expander 4

1s a cylinder barrel 401 with multiple cylinders formed therein,
here 8 in number shown as 402-409. ©Each of cylinders 402-4089
recelves a piston and the pistons drive an output shaft. For
varilable displacement configurations, the total displacement of the
expander motor can be varied py tilting the angle of the cylinder
barrel with respect to the plane of the output shaft. Minimum or

zero displacement 1s achieved when the barrel and output shaft

13
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plane are parallel, whlle displacement 1increases as the angls
pecomes dJdreater, up to some maxlmum dlsplacement at some maximum

angle.

An 1ntake port 410 and exhaust port 412 communicate with
pviston/expansion chambers 402-409 at certain critical portions of
each c¢ycle, making possible the constant pressure method of
cperation described above. As the cylinder barrel 401 rotates, for
example counter clockwise as -ndicated by the arrow, the pistoeons
are also cycliing between TDC zand BDC and the intake and exhaust

corts present themselves to each piston at the appropriate times.

The operation cof the expander of the first embodiment will now
be explained with reference tc Figs. 4A and 4B, which follow the
progress of a representative riston/expansion chamber 402 through
several critical points of ons cycle. In this i1llustration, the
cylinder barrel 401 1s shcown rotating counter clockwise with the
valve plate 20 stationary. AZ position a, the piston 1s nearing

TDC and has just cleared exnaust port 412, sealling the chamber 402.

At this point the champber 402 contalns trapped residual working

fluild at the near ambient yrressure and temperature of the expander
exhaust. As point b approaches, the chamber continues to shrink in
volume, thereby compressing thse trapped working fluid. At position
b, the piston has reached TDC zand the working fluid in the sealed
chamber 402 has reached maximim compression. Because the chamber

402 seals Jjust rprior to TDC, the volume of gas trapped and

14
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compressed, and nence the work and crank angle reguired, 1is
minimal. The crank angle between vositions a and b is calculated

to achieve good sealing from exhaﬁst TCcrt 412. At TDC the unswept
volume 1s minimized to minimize the guantity of inceming gas from
the heat exchanger required to pressurize the chamber 402. Also at
point b, the 1ntake port 410 1s about to ke exposed, providing

passage for the heated compressed working fluid to enter the

chamber 402. Past point b, the chamber begins increasing in vclume
as 1t travels toward BDC, accepting working fluid as work is
produced. Position b’ 'represents a typical position in this
stage where the chamber 1s expanding in volume and the intake port
supplies heated compressed working fiuid to f£ill it. Although the
chamber 402 1s 1ncreasiling 1n volume, pressure 1s relatively
constant because the 1ntake port 4.0 1is supplying pressurized
working fluid. Heated compressed working fluid continues to enter
until position ¢, when the intake port loses contact with the
champber. From position ¢ to position 4, adiabatic expansion of the
plug of heated, compressed working f£lu:d that entered betwesen b an*d
c (as well as the initial residual compressed gas) takes place,
producing additional work. At position d, the piston reaches BDC
and the gas has been reduced to near ambient pressure. At this
point the exhaust port 412 makes contact with the chamber 402,
allowing the spent fluid to be exhaustaed as the piston begins
rising again toward TDC and volume decreases. Positions 4’ and 4d”
show example positions cf tne champesr near the beginning and end of

the exhaust cycle. Finally, the cycls repeats itself as the piston

15
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reaches position a, once agaln sealing the chamber 402 and

beginning the compression of the working fluid remaining in the

chamber. Position a could extenc as far as position b without

changing the function o¢f the exgander. In an eight cylinder
exXpander, for example, all sight pistons would perform this cycle
1n staged succession, prcducing a smooth flow of work on the

expander shaft 12.

In Fig. 4 (A), the angle (1) s the compression phase, angle
(11) 1s the constant pressure 1ntake and expansion phase, angle
(11i) 1s the adiabatic expansion phase, and angle (iv) 1is the

exhaust phase.

Angles (ii) and (Zii1i) togethsxr total 180°, corresponding to
the expansion stroke. Angle (11) may vary from about 18° to about
45° . In other words tne constant pressure 1ntake and expansion

phase will usually be 10% to 285% cIZ the total expansion stroke.

Because of their bent-axilis cesign, the expander 4 and the

compressor 1 are pboth capable of variable displacement, allowing,

in addition to independently varying the speed of the expander and
compressor, abillity to precisel control mass flow rate and
pressure through the  system, thus ensuring stable and

thermodynamically efficient operation.
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Varlations cf foregoing design of the first embodiment will be

apparent to one skilled in the art and include: (1) a fixed
cylinder barrel and rotating valve plate, (2) a fixed cylinder
barrel and individually timed valves, (3) a swash plate or wobbkle

plate design where the pistons act on an inclined surface through

a sliding pad at the base of the piston producing torgue to the

plate which drives an output shaft.

Fig. 5 1llustrates the integration of the bottoming cycle
engine wlth the internal combustion engine (ICE) 18 and the drive

wheels 60 of a vehicle. Ambient air is inducted into compressor 1

through port 5. Shart 19 from expander 4 drives compressor 1.

Compressed alr 1s discharged Ifrom compressor 1 through port 6 to
heat exchanger 3 and heated compressed air exits heat exchanger 3
and enters expandexr 4 through port 10. Expander 4 expands the hot
compressed alr which produces power which drives compressor 1 and
provides net power which is combined with the power output from ICE
18 by exXpander gear 62 driving ICE gear 4. The expanded air exits
the expander through port li. The comrined power from the ICE and

bottcming cycle engine flows through transmission 66 to wheels 60.

Figs. 6 and 7 i1llustrate a seccnd preferred embodiment which
uses a crank-loop or “Scotch yoke” crank mechanism design with
gulde bearings as the compressor and/cr expandef, 1nstead of the
bent axis design of the first preferred embodiment. This second

embodiment allows £fcr constant pressurs operation approximated
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through sizing the volumes of the chambers, the number of

cylinders, and valve timing tc ensure sufficiently constant

thruflow.

In this second embodiment, the crank-loop or "“Scotch yoke”

design, with guide Pkearings which reduce piston side forces and

prevent piston “cocking,” 1s employed 1in the compressor and

expander 1nstead of a bent axis design. This design reduces side
forces on the pistons by arranging the pistons in rigidly
connected, 180° opposed palrs and driving crankshaft 36, 45 through
a linear bearing at the center orf the pair. "Scotch Yoke" type
engilnes are kKnown for very low friction, which makes the “crank
mechanism” well sulted, 1in combination with added guide bearings,
as the piston compressor and/or expander of the invention. 1In the
prior art, some side Iforces remain but this embodiment of the
invention utilizes guide bearings/bushings to eliminate side forces
and piston “cocking” and to further improve periormance and reduce
friction. Constant pressure operation 1s approximated through
sizing the volumes of the éhambers, the number of cylinders, and

valve timing to ensure sufficiently constant thruflow.

Referring to Fig. 6, fresh air or other gas working fluid
flows through the compressor intake 25 1nto the compressor 30 at
elther ambient pressure and temperature or at a boosted pressure

level. As 1n the first embodiment, a boosted pressure allows a

reduction 1in the size of the compressor and potentially the

18
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expander. For the two-stroks cycle or compressor 30, working fluid
1s received in the stroke from TDC to BDC and is compressed and
exhausted in the stroke from BDC to TDC. Intake and exhaust valves
of various designs (not shown! can be utilized to control the
ciming of the intake fliow to and the exhaust flow from ccmpressor

30.

In this second embcalment both the compressor 30 and the
expander 40 employ a crank mechanism 31, 41 of the crank-loop or
“Scotch yoke” design. These crank mechanisms 31, 41 are further
illustrated with an end view on Fig. 7. Further description can be

found in the journal article The Scotch Yoke Fngine as a2 Compact

and Smooth RuUnning Motor for Passenger Vehicles, MTZ
Motortechnische Zeitschrift 58(1997)6, the teachlings of which are

incorporated herein by reference.

Referring again to Fig. 6, both tne compressor 20 and expander
40 utilize guide bushings/bearings 32, 42 CoO 1lnsure against pist?n
cocking or side force. Aléo shown is the c¢i1il supply 34 for the
guide bushings/bearings 32. Oil 1is also utilized to cool the

pistons 33 of the compressor 30 to help approach isothermal

compression, and flows from pcrts 35.

A “plug” of compressed gas exits compressor 30 at each
ccmpression stroke, thrcugh the ccmpressor exhaust port 26 1nto

surge tank 21. A cooling apparatus 16 may operate on compressor 30

19
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to assilist 1n malntaining near Lsotnermal compression. Hot =xhaust
gases Irom an internal combuston =ngine or similar device 50 flow
through the heat exchanger =xhaust gas intake 29 into heat
exchanger 23 and out tn2 heat =a2xchanger exhaust 28. In so doing,
mucn of the heat contained i1n Zhe exhaust gas is imparted to the
working fluid that has concuxrantly entered the heat exchanger
intake 27 and is making 1ts way to the heat exchanger working fluid
exhaust port 22. Periodlcally, an intake port 23 to the expander

40 opens, and expander chamber <4 expands in volume as it enters an

exXxpansion stroke. As the expander chamber expands, working fluid
flows 1nto the 1ncreasing volume at near approximately constant
pressure until the intake porxrz 23 closes. The 1ntake port 23

closes and the gas continues expansion in an expander chamber 44,

producing mechanical work on & piston 43 transmitted to an cutput
shaft 45. After expansion, the near-ambient pressure gas 1is
exhausted by the expander exiaust port 24, releasing it to the
atmosovhere cr optionally feeding i1t to the air intake of internal

combustion engine 50.

It 1s especially 1mportant o operate expander 40 as near
adiabatically as possible, to maximize efficiency. Toward this
end, the expander expansion cnambers 44 are thermally insulated,
with thermal brakes 46 separaZing tnhe insulated chambers 44 rrom
the cooled cylinders 47 where Cie rings of piston 43 must travel on
a cooled and oil lubricated suriaczs. Unigue pistons 43 each have

an upper, hot portion 48 whicn travels through the hot expander
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champber 44, 1lnsuring the hot expansion gases do not significantly
access the cooled cylinders 47. The piliston hot portions 48 are
hollow to the maximum extent f=zasible to minimize piston mass and
reduce heat transfer to the lower, cooled portion of pisteon 43. A
final thermal brake 49 separates the hot, upper portion 48 from the
cooled, lower portion of piston 43. The upper portiocn 48 is a high
temperature metal alloy, preferably with an i1nsulating ceramic
outer coating; or 1t may be an all ceramic component, all carbon-
carbon component, or other sultable high temperature material with

low heat transfer characteristics.

The thermal brakes are gaskets whilich may be an 1nsulating

ceramilic or other conventional t“hermal i1nsulator.

One modification eliminates the surge tank, and the speed of
the expander 1s fixed at a multiple of the speed of the compressor.
An alternate embodiment could 1nclude a surge tank, 1n which case

the speed of the compressor cculd wvary.

In another modification expanded air would be recirculated, or
fed to the air intake of the ICE, rather than exhausted, optionally

at a pressure providing boost to the internal combustion engine.

Other modifications using other types of sealed moving
surfaces for the compressor and expander will be apparent to those

skilled 1n the art from the foregoing description of two preferred
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embodiments.

The 1nvention may be embodied in cther specific forms without
departing from 1its spirit or essential characteristics. The
present embodiments are, therefore, to be considered 1in all
respects as illustrative and not restrictive, the scope o©of the
invention being indlcated by the c¢laims rather than by the
foregoing description, and all changes which come within the
meaning and range cf the eqguivalents of the claims are therefore

intended to be embraced therein.

22
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WHAT IS CLAIMED:

1. An air bottoming power train comprising:
a source of combustion exhaust gas;

a compressor whlch receives a gaseous working fluid and

compresses 1t Lo an elevated pressure;

a cooler for cooling said compressor to provide near

lsothermal compression;

an expander having a plurality of cylinders, each cylinder
having a piston reciprocally mounted therein and operating in a two
stroke cycle 1ncluding an expansion stroke and an exhaust stroke,

sald plstons driving an output shaft;

a compressed gas line for zIeeding the compressed gaseous
working fluid from the compressor to the expander;

expander valve means for successively admitting the compreséed
gaseous working fluid from said ccmpressed gas line to individual
cylinders of sald expander 1n succession and fcor continuocusly
admitting the compressed gaseous working fluid to an individual
cylinder through a first portion of the expansion stroke to
malntalin constant pressure;

a heat exchanger located in said compressed gas line for

indirect heat exchange between the compressed gaseous working fluid

and the exhaust gas; and

an exhaust gas line for feeding the exhaust gas from the

source through said heat exchanger.

23
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2. The power train cf claim 1 wherein said source of exhaust gas

1s an automotive internal ccmbustion engine.

3. The power train of claim 1 further comprising a surge tank
located 1n said compressed alr line between said compressor and

sald heat exchanger.

4, The power train o©f claim 1 wherein at least one of said

compressor and sald expander is a bent-axlis pliston machine.

5. The power train of claim 1 wherein sald expander comprises a

cylinder barrel, said plurality of cylinders being formed in a
circle within said cylinder barrel and open at one endface of said
cylinder barrel and closed at an opposite endface of said cylinder
barrel, and a valve- plate sealing closed said one end of said
cylinder barrel, said valve plate having a compressed gas inlet and
an exhaust gas outlet, said cy.inder barrel and said valve plate

being mounted for relative rotation therebetween, the relative

rotation driving the output shait.

6. The power train of claim 1 wherein said expander has a bent-
shaft configuration, said expander having a total displacement

which changes as an angle between the cylinder barrel and the

ocoutput shaft 1s changec.

24
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7. The power train of claim 5 wnerein said valve plate has an
arcuate groove 1n a face sealing against said cylinder barrel, said
arcuate groove being in communicaticn with said exhaust gas outlet

and in reglster with sald circle.

3 . The power train of claim 5 wherein said cvlinder barrel is
rotatable apout a central axis and said valve plate is stationary.
9. The power train of claim L wherein said expander is a Scotch

yoke piliston motor 1including plural paired and axially aligned

cylinders on copposing sides c<f the output shaft and pistons

A

aciprocally mounted 1in said cylinders and driveably connected to

said output shaft, wherein:

each cylinder 1is axially divided into a thermally insulated

outer portion and a cooled inner portion, the insulated outer

portion being separated from ths cooled inner portion by a thermal

brake: and

eacn pilston 1s axXially <divided into a thermally insulated

wl

’

outer section and a cooled innexrx section, said cooled inner section
having an exterlor surface rearing oil rings sealing with said

cooled 1nner portion of sald cvlinder, said thermally insulated

outexr sectilon bpeing thermallyv isolated £from said cooled inner

section by a thermal brake.

10. An expander for use iIn an automotive power train, said

expander comprising:

28
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a cylinder barrel and a Tiurality of c¢cvlinders formed in a
circle within said cylindex baxrel, open at one endface of said
cylinder barrel and closed zt an oppcsite endface of said cylinder
bérrel} and

a valve plate sealing clcsed said one end of said cylinder
barrel, saild valve plate naving a compressed gas 1inlet and an
exhaust gas outlet, said cylinder barrel and said valve plate being
mounted for relative rotation taerxrebetween, the relative rotation

driving an output shaft.

11. The expander of claim 12 having a bent-shaft configuration and
said expander having a total disvlacement which changes as an angle

between the cylinder barrel anc the output shaft 1s changed.

12. The expander of claim 12 wherein said valve plate has an
arcuate groove in a face sea’inc against said cylinder barrel, said
arcuate groove being in communication with said exhaust gas outlet

and in register with said c_rc_.e.

13. The power train of claim 0 wherein said cylinder barrel 1s

rotatable about a central axis and said valve plate 1s stationary.

14. Expander for use in an automotive power train, said expander
being a Scotch vyoke pistcn motor including plural paired and
axially aligned cylinders at croosing sides of an output shaft and

pistons reciprocally mounted 1in said cylinders and drivably
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connected to said output shaft;

wherein: each cylinder is axially divided into a thermally
insulated outer portion and a cooled inner portion, the insulated
outer portion being separated from the cooled inner portion by a
thermal brake; and

each piston is axially divided into a hollow outer section and
a cooled inner section, said cooled inner section having an
exterior surface bearing oil rings, sealing with said cooled inner

portion of said cylinder, said hollow outer section being thermally

isolated from said cooled innexr section by a thermal brake.
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