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[57] ABSTRACT

Combustion air for an internal combustion engine is
compressed in a dynamic pressure-wave machine by
utilization of heat remaining in the engine exhaust
gases. A reduction in harmful emissions from the en-
gine is effected within the rotor of the pressure-wave
machine due to a primary recirculation of the exhaust
gas into the air at the interface between the exhaust
gas and the air, the amount of the recirculation being
at its lowest value at full load on the engine and being
increased sharply with decreasing load. The change in
the amount of exhaust gas being recirculated is made
more uniform over the whole load range by means of
a secondary recirculation, increasing at full load, and
which is brought about by introducing exhaust gas di-
rectly into the machine in at least one place at which
the cells of the rotor are filled with air by means of a
crossover pipe.

11 Claims, 8 Drawing Figures
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METHOD OF AND APPARATUS FOR REDUCING
HARMFUL EMISSIONS FROM INTERNAL
COMBUSTION ENGINES

The present invention concerns a method of reducing
harmful emissions from internal combustion engines
the combustion air for which is compressed in a gas-
dynamic pressure-wave machine by utilising energy still
contained in the engine cxhaust gases, a primary recir-
culation of exhaust gas into the air taking place in the
rotor of the pressure-wave machine at the interface be-
tween the exhaust gas and the air, and further concerns
apparatus for effecting this method.

Viewed from the overall economic standpoint there
is at present no real alternative to the diesel engine for
road vehicles. If, as to the future, the diesel engine is to
continue to fulfil its objective, namely increased output
with the highest possible power/weight ratio and lowest
possible specific fuel consumption, then particular at-
tention must be paid to the exhaust-gas behaviour of
the diescl engine owing to the worldwide interest in en-
vironmental polution.

It is known that the recirculation of exhaust gases
into the combustion air of an internal combustion en-
gine reduces the emission of harmful substances such
as nitrous oxides and hydrocarbons. This recirculation,
which with the diescl engine has proved especially ef-
fective for reducing nitrous oxide emission, consists in
returning exhaust gas into the intake air, or in the case
of a pressure-charged engine into the charge air.

Exhaust gas recirculation lowers the oxygen content
of the combustion air and hence the cffective cxcess air
of the intake gases. By way of the O, concentration of
the cylinder contents, therefore, influence is exerted on
the kinetics of the combustion reaction, which in turn
influences the combustion procedure and the exhaust-
gas composition. Reducing the O, concentration by
means of exhaust-gas recirculation means slower com-
bustion, under certain circumstances also accompanied
by a lowering of the maximum combustion tempera-
ture, on which the speed of reaction in the formation
of nitrous oxide to a large degrec depends. For this rea-
son, reducing the maximum temperature of combus-
tion is the most appropriate way of decreasing nitrous
oxides in the exhaust gases. For the same reason, as re-
gards nitrous oxide emission it is more cffective to re-
circulate cooled exhaust gas.

Another very important aspect of exhaust-gas recir-
culation is the reduction of the ignition lag, i.c. the time
from the commencement of fuel injection until the
commencement of combustion. It is duc to the higher
final compression temperature resulting from the
higher fresh gas inlet temperaturc. Apart from other
advantages, e.g. reduction of ignition noise, shortening
the ignition lag has the effect of improving combustion,
which in turn reduces harmful emissions.

With a diesel engine, because load is regulated in
terms of the calorific value of the mixture, the excess
air coefficient rises as load decrcases. At small loads,
therefore, more exhaust gas can be recirculated with-
out immediately causing an air deficiency because the
combustion-air cxcess is then very large. Thus in the
range of low and medium loads, nitrous oxide emission
can be reduced particularly cftfectively by recirculating
cxhaust gas into the intake air. In the region of full load,
on the other hand, heavy recirculation of exhaust gases
would lower the attainable power output of the engine.
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But it is desirable to recirculate more exhaust gas at
partial load than at full load not only from the stand-
point of the engine, but also in view of legal emission
requirements, which take into account practical opera-
tion of the vehicle. The optimum quantity of exhaust
gas to be recirculated is thus not constant: it depends
on the duty point of the engine when in service.

The gas-dynamic pressure-wave machine is very well
suited to pressure-charging internal combustion en-
gines, and particularly vehicle diesel engines, for which
rapid response of the charging device and high charg-
ing in the lower and middle speed range are desired.
Since in the pressure-wave machine exhaust gas and in-
take air are in direct contact, a certain degree of mixing
takes place at the interface between these two gases.

At full load the passage of exhaust gas into the air, in
the following termed primary recirculation, can be
largely prevented by ensuring in the design of the pres-
sure-wave machine that the gas/air interface does not
reach the high-pressure air outlet. A buffer zone of air
then prevents the exhaust gas from passing into the
combustion air. In addition, at full load the low-
pressure section is greatly over-scavenged, i.e. the pres-
sure-wave machine draws in more air than it com-
presses and feeds to the engine on the high-pressure
side. This extra scavenging air is used to flush the mix-
ing zone. However, it is not possible to maintain this
over-scavenging of the pressure-wave machine at oper-
ating points in the region of partial engine loads. As
load falls, it decreases progressively until finally, at low
partial loads, it becomes under-scavenging, i.e. the
pressure-wave machine draws in less air than it supplies
compressed gas to the engine being charged.

These features of the pressure-wave machine thus al-
ready meet the requirements made of an exhaust-gas
recirculation system for internal combustion engines
with the purpose of reducing harmful emissions, in that
gas recirculation increases as engine load falls. It is suf-
ficient for certain engines which, in order to satisfy the
California 13-point test, require exhaust-gas recircula-
tion only at partial load.

Thus with the usual design of the pressure-wave ma-
chine for pressure-charging purposes, the quality of the
engine exhaust gas is scarcely affected at full load be-
cause then practically no gas is recirculated. It is quite
possible to increase gas recirculation over the whole
operating range of the pressure-wave machine, but it is
difficult to influence parts of the range. If gas recircula-
tion is increased at full load, the engine soon begins to
smoke as load decreases, and there is a danger that at
the bottom of the load range it receives too much ex-
haust gas and stops. Recirculating very hot exhaust gas
direct into the combustion air at full foad would also be
less effective because it is known that hot exhaust gas
does not reduce the harmful components so greatly.
Also, by diminishing the combustion air ratio, hot ecx-
haust gas in the combustion air would cause a reduc-
tion in engine output.

The object of the present invention is to reduce emis-
sions of harmful substances from an internal combus-
tion engine pressured-charged by a gas-dynamic pres-
sure-wave machine, particularly in the full-load region,
to values below those resulting from primary exhaust-
gas recirculation, without thus disturbing operation of
the engine and as far as possible without forfeiting en-
gine power.
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This object is achieved in that primary exhaust-gas
recirculation, which is least at full load and increases
sharply with decreasing load, is made more uniform
over the whole load range by secondary recirculation,
which increases at full load, by introducing exhaust gas
direct into the pressure-wave process in at least one
place at which the cells of the rotor are filled with air.

Apparatus for effecting this method comprises at
least one crossover duct for secondary recirculation
from a space filled with exhaust gas to an opening, fac-
ing the cells, in one side of the pressure-wave machine.

An improvement can be achieved by means of a cool-
ing device in the crossover duct for secondary exhaust-
gas recirculation.

In another version of the invention the crossover duct
is in the form of a return-flow pipe, the inlet opening
of which, viewed in the direction of rotation of the ro-
tor, lies within the first half, preferably immediately
after the front edge of the low-pressure gas outlet port,
and its outlet opening lies within the second half, pref-
erably immediately before the rear edge of the low-
pressure air inlet port.

Another version employs a return-flow pipe as the
crossover duct which branches off the high-pressure
gas inlet and, viewed in the direction of rotation of the
rotor, emerges in the web before the high-pressure air
outlet port. '

If the pressure-wave machine incorporates a com-
pression pocket, the crossover duct can be a return-
flow pipe which branches off the high-pressure gas inlet
and emerges in the compression pocket.

A further possibility comprises a connecting pipe as
the crossover duct which branches off the high-
pressure gas inlet and, viewed in the direction of rota-
tion of the rotor, emerges in the web before the high-
pressure gas inlet port.

An improvement is then achieved if the termination
of the connecting pipe comprises at least onc nozzle.

Such devices can casily be adapted to thc motor in
question by means of a throttle device in the crossover
duct for secondary gas recirculation, and this can be
further improved if the flow cross-section of the throt-
tle is adjustable.

With the method described it is possible, by influenc-
ing the pressurc-wave process, to alter the characteris-
tic of primary exhaust-gas recirculation in a gas-
dynamic pressure-wave machine with the aid of secon-
dary gas recirculation in such a way that it is approxi-
matcly optimum at all duty points of the engine. Com-
parable methods which operate with exhaust-gas turbo-
chargers require a separate control system for this pur-
posc.

Recirculated exhaust gas, especially when cooled, is
particularly effective where it is most necded within the
operating range of the internal combustion engine to
reduce severe harmful emission, namely at high loads
and high speeds. Cooling the recirculated gas improves
the reduction of harmful substances in the ranges of en-
gine operation with the greatest emission of such sub-
stances, and decreases the unavoidable drop in engine
output which is caused by the lowering of the combus-
tion air density but can be reduced by suitable cooling.

When an engine is charged with a pressure-wave ma-
chine, it is casy in this way to improve the quality of the
exhaust gas by recirculating exhaust gas into the com-
bustion air to be compressed.
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The method described is also superior to comparable
methods operating with exhaust-gas tubochargers in
that the gas-dynamic pressure-wave machine, which
even in its known form exhibits considerable exhaust-
gas recirculation, is to a large extent insensitive to con-
tamination. The quantity of soot entrained into the
pressure-wave machine with the secondary recircu-
lated gas does not therefore impair the performance of
the machine, whereas with a turbocompressor the con-
sequences can be very serious. It is practically impossi-
ble to operate a turbocompressor for any length of time
while introducing exhaust gases containing solid matter
on the intake side. With the method described, the con-
tamination problem is restricted to the cooler, but this
can be so designed that it can easily be cleaned periodi-
cally.

Several examples of the invention are shown sche-
matically in the drawings, in which:

FIG. 1 shows a gas-dynamic pressure-wave machine
in longitudinal section;

FIG. 2 is a side section of the housing at line II - II of
FIG. 1 and viewed in the direction of the arrows;

FIG. 3 is the other side section of the housing at line
III—IIf in FIG. 1 and viewed in the direction of the ar-
rows;

FIG. 4 is a cross-section of the rotor at line IV—IV
in FIG. 1 and viewed in the direction of the arrows;

FIG. 5 is part of a developed projection of a cylindri-
cal section at half the cell height through the rotor and
through the adjacent portions of the side sections of the
housing with a gas recirculation system according to
the invention;

FIG. 6 is a diagram showing the effect achieved by
the invention; and

FIG. 7 and 8 are alternative versions to FIG. §;

In all the drawings, the same parts are identified by
the same reference symbols.

FIG. 1 to 4 show a known construction of a gas-
dynamic pressure-wave machine. The rotor 1 turns be-
tween fixed side sections of the housing, namely air
housing 2 and gas housing 3, which are joined by the
middle portion 4 of the housing, which encloses the
rotor in the manner of a jacket. The high-energy, high-
pressure gas, here the exhaust gas of an internal com-
bustion engine, enters gas housing 3 at § and flows
through inlet ports 9 into rotor 1, where it surrenders
part of its energy to the air in the pressurc-wave pro-
cess. It leaves the rotor again as low-pressure gas
through outlet ports 10 in gas housing 3, and flows out
of the gas housing at 6, e.g. towards the exhaust pipe.
Air normally at atmospheric pressure, termed low-
pressure air, enters the air housing 2 at 7 and flows
through inlet ports 11 into the rotor, where it is com-
pressed. It leaves the rotor again as high-pressure air
through the outlet ports 12 in air housing 2 and flows
out of the air housing. This cannot be scen in these
drawings because in the present case the direction of
the outlet flow is perpendicular to the plane of the
drawing.

A compression pocket 13, for pre-compressing the
air, can be provided in the side of the air housing 2 fac-
ing the rotor before the high-pressure air outlet port 12,
when viewed in the direction of rotation of the rotor.

The rotor 1 is overhung in air housing 2, is driven at
8 and in that portion in which the pressure-wave pro-
cess takes place comprises hub 14 and shroud 15 be-
tween which cell walls 16 extend radially, enclosing
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cells 17 which are open in the directions of the air
housing and gas housing. Since there are two inlet and
outlet ports each in the air housing and gas housing, as
can be scen in FIGS. 2 and 3, the rotor passes through
the gas-dynamic cycle twice per revolution.

FIG. 5 shows a developed projection of approxi-
mately half the rotor and of the adjacent parts of the
side sections of the housing. The high-pressure gas en-
tering at 5 only partially fills the cells 17, the direction
of movement of which is indicated by the arrow 20,
since a residue of air remains in the cells. The hatched
arca 21 is the space filled with engine exhaust gas, and
the ideal interface between gas and air is denoted 22.
18 designates the high-pressure air outlet. The pres-
sure-wave process taking place in the rotor is indicated
by the sequence of lines 23.

The circumstances illustrated in FIG. 5 relate to full
engine load. If the mixing zone of gas and air, as occurs
in practice, is separated from the high-pressure air out-
lct port 12 by a sufficiently wide air buffer zone, ex-
haust gas cannot leave together with the compressed
air. The buffer zone containing gas is completely scav-
cnged in the low-pressure section so that in the follow-
ing cycle impurities cannot be carried into the engine
with the charge air. It can be seen that the interface 22
leaves the cells well before the end of the low-pressure
gas outlet port 10. The cells are then purged with fresh
air. This configuration of the pressure-wave machine is
necessary in order to avoid excessive under-scavenging
at very low engine load. When over-scavenging at full
load is 30 percent, under-scavenging at no-load is of
the same order of magnitude. Since at low loads the
pressure differcnces betweeen low-pressure air and
low-pressure gas become very small, and consequently
the pressure-wave cffect in the low-pressure section is
very weak, at low loads the interface 22 does not leave
the rotor 1 before the end of the low-pressure pressure
gas outlet port 10. The proportion of primary recircu-
lated exhaust gas over the whole load range is deter-
mined by selecting one point. If the design chosen is
such that at full load 5 to 10 per cent by volume of ex-
haust gas is recirculated, the quantity recirculated at
no-load can become so great that the engine no longer
runs stably.

Curve A of FIG. 6, for cxample, shows the quantity
of primary recirculated cxhaust gas at rated engine
speed with a pressure-wave machine of the usual con-
struction, plotted as degree of recirculation R, in per
cent volume against mean cffective piston pressure p,,e,
where 100 p,,. corresponds to the piston pressure at full
load. It can been seen from this diagram that at full load
the quantity of recirculated exhaust gas is very small,
but rises sharply with decreasing load, corresponding to
decreasing p,,.. However, a flatter recirculation charac-
teristic is desirable, and therefore to be aimed at: at full
cngine load the quantity of exhaust gas recirculated in
the pressure-wave machine should be up to 10 per cent
by volume, while at low partial loads it should not be
greater than with a machine of the usual construction.

This is the purpose of the invention. A crossover duct
which joins a space filled with engine exhaust gas to an
opening facing the cells in one of the two end sections
of the pressure-wave machine, is used to introduce a
secondary flow of exhaust gas direct into the pressure-
wave process at a place where the cells of the rotor are
filled with air.
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In FIG. 5§ the crossover duct comprises return-flow
pipe 24. It begins in the low-pressure gas outlet port 10
immediately after its leading edge 27 when viewed in
the direction of rotation of the rotor, its inlet 25 faces
the cells of the rotor and it ends in the low-pressure air
inlet port 11 immediately before its rear edge 28, the
outlet 26 of the return-flow pipe also facing the cells.
At some arbitrary point along the return-flow pipe 24
is a throttle valve 29, and before it, viewed in the flow
direction, is the exhaust-gas cooler 30.

The scavenging process ends as soon as the cells
reach the end of the low-pressure gas outlet port 10.
The gas flowing out of the return-flow pipe 24 into the
rotor has no opportunity to flow straight out again
through outlet port 10, but takes part in the next pres-
sure-wave cycle, whereupon it is compressed together
with the air flowing in through low-pressure air inlet
port 11, is expelled through the next high-pressure air
outlet port 12 and passed to the engine.

This secondary recirculation of exhaust gas is not
simply superimposed on the primary recirculation, but
has the effect of influencing and changing the whole
pressure-wave process in such a way that the sum of
primary and secondary recirculated gas flows corre-
sponds to curve B in FIG. 6. The degree of recircula-
tion can be raised to 10 percent by volume at full load,
without causing a corresponding increase at partial
load as well. Curve B is flatter than curve A over the
whole load range, and in this example even shows
smaller values at low partial loads than does curve A,
which represents primary recirculation alone.

The shape of curve B is by its nature subject to cer-
tain variations, depending on the point at which the
secondary recirculated exhaust gas is introduced into
the pressure-wave process (see the examples described
below) and how the process is arranged. A criterion,
however, is that the exhaust gas is introduced at a point
where the cells of the rotor are filled with air. The con-
figuration shown in FIG. §, for example, can be varied
in that the inlet 25 of the return-flow pipe 24 is located
within the first half of the low-pressure gas outlet port
10 and its outlet 26 lies within the second half of the
low-pressure air inlet port 11.

The dimensions of return-flow pipe 24 depends on
the required degree of recirculation, while account
must also be taken of the available pressure drop. A
simplification is achieved by fitting a throttle device so
that the pipe cross-section does not have to be matched
to each individual case. By providing the throttle with
a variable flow cross-section, better optimisation is pos-
sible and fine adjustment of the secondary recirculated
gas flow is made easier. It is of course also possible to
regulate the flow cross-section in relation to duty point,
for example, in which case curve B of FIG. 6 could be
made even more uniform, if this is desired.

The recirculated exhaust gas is cooled in cooler 30
before being introduced into the pressure-wave pro-
cess. In this way excessive density loss of the com-
pressed air due to heating of the low-pressure air intake
is avoided, and the flow rate of this secondary recircu-
lated gas can be influenced. Cooling the recirculated
gas, however, also further reduces the emission of ni-
trous oxides, as has already been mentioned. But the
exhaust-gas cooler 30 cannot replace cooling of the en-
tire high-pressure air on its way to the engine. This
cooling is well known in connection with turbo-
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charging, and is particularly effective when pressure-
charging with a pressure-wave machine.

An example with recirculation of high-pressure gas is
shown in FIG. 7. Exhaust gas coming from the engine
is bled off supply duct 32 and fed to the air housing 2
by way of return-flow pipe 31. The return-flow pipe
ends in the compression pocket 13, from where the gas
is introduced into the pressure-wave process. The com-
pression pocket is incorporated in the web 33 before
the high-pressure air outlet port 12, when viewed in the
direction of rotation of the rotor. The throttling device
consists of an interchangeable holed diaphragm 34 lo-
cated in the return-flow pipe at its junction with the
supply duct 32.

The action of the compression pocket is dependent
on speed. At high speeds the pocket has no influence
on the pressure-wave process, while at low speeds it has
the effect of pre-compressing the ingested fresh air.
Throughout the whole speed range, however, the pres-
sure relationships are such that at full load the pressure
drop from the high-pressure gas supply duct 32 to the
compression pocket is greater than at partial load so
that a correspondingly larger quantity of exhaust gas is
recirculated at full load.

A similar configuration is possible even when there
is no compression pocket. The return-flow pipe 31 then
terminates in web 33, with its opening facing the cells
of the rotor.

The curves of the degree of recirculation resulting
from primary and secondary recirculation are in both
cases similar to curve B in FIG. 6.

An cxample of high-pressure gas recirculation with
the inlct flow on the gas side is shown in FIG. 8. The
connecting pipe 35 contained within gas housing 3
branches from the high-pressure gas supply duct 32 and
terminated in web 36 before the high-pressure gas inlet
port 9, when viewed in the direction of rotation of the
rotor, i.e. once again at a point where the cells of the
rotor are filled with air. This advance inlct flow not
only influences the pressurc-wave process, but at the
same time also displaces the mixing zone further to-
wards the air side. The result is that principally at full
load, and especially at high speeds, part of the mixing
zone discharges with the compressed air into the high-
pressure air outlet port 12. The effect can be intensified
in the termination of the connecting pipe 35 is fitted
with a nozzle 37, which also replaces the throttle.

This version is of great advantage because no exter-
nal piping is required. Incorporating a cooler would
nccessarily be difficult, and it would therefore be more
convenient to cool the recirculated exhaust together
with the compressed on its way to the engine.

In all the examples the crossover duct is so arranged
that a pressure difference exists between its inlet and
outlet. It is also possible in principle to include a means
of propelling the gas in order to raise the flow velocity
of the recirculating gas if the pressure difference is
small, or even to overcome a negative pressure differ-
ence, but this would make the whole apparatus more
complicated and, morcover, requires additional en-
crgy.

Also included in the invention is the possibility of
providing in a given case a number of crossover ducts
in parallel, or onc or more for each pressurc-wave cy-
cle. Furthermore, the various possibilities can be com-
bined.
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It should also be noted that the method described for
reducing harmful emissions from internal combustion
engines is equally applicable to diesel and Otto-cycle
engines.

We claim:

1. In the method of providing combustion air for an
internal combustion engine by compressing the airin a
gas-dynamic pressure-wave machine by utilization of
heat still contained in the engine exhaust gases and
wherein harmful emissions from the engine are reduced
as a result of a primary recirculation of exhaust gas into
the air at the interface between the exhaust gas and the
air in the celled rotor of the machine, the amount of the
exhaust-gas recirculation being at its lowest value at
full load and increasing sharply with decreasing load,
the improvement which comprises the step of introduc-
ing exhaust gas directly into the machine in at least one
place at which the cells of the rotor are filled with air
thereby effecting a secondary recirculation of the ex-
haust gas which increases at full load and which serves
to render recirculation of the exhaust gas more uniform
over the whole load range.

2. Apparatus for providing combustion air for an in-
ternal combustion engine comprising a gas-dynamic
pressure-wave machine in which the air is compressed
by utilization of heat still contained in the exhaust gases
from the engine, harmful emissions from the engine
being reduced as a result of primary recirculation of ex-
haust gas into the air at the interface between the ex-
haust gas and the air in the celled rotor of the machine,
said gas recirculation being at its lowest value at full
load and increasing sharply with decreasing load, and
means for rendering said recirculation of exhaust gas
more uniform over the whole load range of the engine
comprising a crossover duct for effecting secondary ex-
haust-gas recirculation extending from a space filled
with exhaust gas to an opening facing air filled cells in
the rotor in one side of the machine.

3. Apparatus as defined in claim 2 and which further
includes a cooling device located in said crossover
duct.

4. Apparatus as defined in claim 2 wherein said cross-
over duct is constituted by a return-flow pipe, the inlet
opcning of which as vicwed in the rotational direction
of the rotor lies within the first half of the low-pressure
gas outlet port from the rotor and the outlet opening of
which lies within the second half of the low-pressure air
inlet port to the rotor,

5. Apparatus as defined in claim 4 wherein the inlet
opening of said return-flow pipe is located immediately
after the front edge of said low-pressure gas outlet port,
and wherein the outlet opening of said return-flow pipe
is located immediately in front of the rear edge of said
low-pressure air inlet port.

6. Apparatus as defined in claim 2 wherein said cross-
over duct is constituted by a return-flow pipe which
branches off the high-pressure gas inlet pipe and which
as viewed in the rotational direction of the rotor
emerges in a web located before the high-pressure air
outlet port.

7. Apparatus as defined in claim 2 wherein said pres-
sure-wave machine includes a compression pocket lo-
cated adjacent one end of the rotor and wherein said
crossover duct is constituted by a return-flow pipe
which branches off the high-pressure gas inlet duct and
emerges in said compression pocket.
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8. Apparatus as defined in claim 2 wherein said cross- 10. Apparatus as defined in claim 2 and which fur-
over duct is constituted by a connecting pipe which  ther includes a throttling device in said crossover duct

branches off the high-pressure gas inlet duct and which
as viewed in the rotational direction of the rotor
emerges from a web located before the high-pressure 5
gas inlet port.

9. Apparatus as defined in claim 8 wherein said con- - able.
necting pipe terminates in at least one nozzle. ok ok %

provided for the secondary exhaust-gas recirculation.
11. Apparatus as defined in claim 10 and wherein the
flow cross-section of said throttling device is adjust-
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