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[57] ABSTRACT
In response to the operation of an internal combustion
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first predetermined amount and the output signal pres-
sure differs from the atmospheric pressure by less than
the second predetermined amount thereby to indicate
that the recirculation valve is stuck open.
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EXHAUST GAS RECIRCULATION SYSTEM

This invention relates to an exhaust gas recirculation
system including an apparatus for monitoring the mal-
function of a recirculation valve.

Conventionally, an internal combustion engine in-
cludes an intake passage and an exhaust passage. Am-
bient air is drawn through the intake passage into the
engine from the surrounding atmosphere due to the dif-
ference between the atmospheric pressure outside of
the passage and the intake pressure inside of the pas-
sage which is substantially less than the atmospheric
pressure. A throttle is mounted within the intake pas-
sage for regulating the flow of air through the passage
as the throttle is moved from a fully closed position to
a fully open position. Exhaust gases are forced through
the exhaust passage from the engine into the surround-
ing atmoshpere due to the difference between the at-
mospheric pressure outside of the passage and the ex-
haust pressure inside of the passage which is substan-
tially greater than the atmospheric pressure.

According to one aspect of the invention, the intake
passage includes a recirculation outlet port which is ex-
posed to the intake pressure while the exhaust passage
includes a recirculation inlet port which is exposed to
the exhaust pressure. Further, the intake passage in-
cludes an input signal port which is located with respect
to the throttle such that as the throttie is moved be-
tween the fully closed position and the fully open posi-
tion, the signal port is exposed to an input signal pres-
sure which differs from the atmospheric pressure by
more than a first predetermined amount when exhaust
gas recirculation is desirable and which differs from the
atmospheric pressure by less than the first predeter-

mined amount when exhaust gas recirculation is not de- 3

sirable.

In another aspect of the invention, a recirculation
valve is disposed within a recirculation passage coupled
between the recirculation inlet port of the exhaust pas-
sage and the recirculation outlet port of the intake pas-
sage for regulating the recirculation of exhaust gases
from the exhaust passage through the recirculation pas-
sage to the intake passage. A valve actuator opens the
recirculation valve to permit exhaust gas recirculation
when the input signal pressure differs from the atmo-
spheric pressure by more than the first predetermined
amount and closes the recirculation valve to prohibit
exhaust gas recirculation when the input signal pres-
sure differs from the atmospheric pressure by less than
the first predetermined amount. Further, the recircula-
tion passage includes an output signal port which is lo-
cated with respect to the valve such that the signal port
is exposed to an output signal pressure which differs
from the atmospheric pressure by more than a second
predetermined amount when the valve is closed and
which differs from the atmospheric pressure by less
than the second predetermined amount when the valve
is open.

As contemplated by a further aspect of the invention,
a first switch actuator shifts a first switching device
from a first state to a second state when the input signal
pressure differs from the atmospheric pressure by more
than the first predetermined amount and shifts the first
switching device from the second state to the first state
when the input signal pressure differs from the atmo-
spheric pressure by less than the first predetermined
amount. Similarly, a second switch actuator shifts a
second switching device from a first state to a second
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state when the output signal pressure differs from the
atmospheric pressure by less than the second predeter-
mined amount and shifts the second switching device
from the second state to the first state when the output
signal pressure differs from the atmospheric pressure
by more than the second predetermined amount.

In yet another aspect of the invention, an indicator
provides a telltale signal when the first switching device
is in the second state and the second switching device is
in the first state thereby to indicate that the recircula-
tion valve is stuck closed. Optionally, the indicator may
also provide a telltale signal when the first switching de-
vice is in the first state and the second switching device
is in the second state thereby to indicate that the recir-
culation valve is stuck open.

These and other aspects and advantages of the inven-
tion may be best understood by reference to the follow-
ing detailed description of a preferred embodiment
when considered in conjunction with the accompany-
ing drawing.

In the drawing:

FIG. 1 is a schematic diagram of an exhaust gas recir-
culation system incorporating the principles of the in-
vention.

FIG. 2 is a schematic diagram of an alternate embodi-
ment of one portion of the exhaust gas recirculation
system illustrated in FIG. 1.

Referring to FIG. 1, an internal combustion engine
(not shown) includes an intake passage 10 and an ex-
haust passage 12. Ambient air is drawn through the in-
take passage 10 into the engine from the surrounding
atmosphere under the influence of the difference be-
tween the atmospheric pressure P, outside of the pas-
sage 10 and an intake pressure P, inside of the passage
10 which is substantially less than the atmospheric
pressure P,. Exhaust gases are forced through the ex-
haust passage 12 from the engine into the surrounding
atmosphere under the influence of the difference be-
tween the atmospheric pressure P, outside of the pas-
sage 12 and an exhaust pressure P, inside of the passage
12 which is substantially greater than the atmospheric
pressure P,. A throttie 14 is rotatably mounted within
the intake passage 10 for movement between a fully
closed position and a fully open position to regulate the
flow of air through the passage 10 such that the intake
pressure P; rises toward the atmospheric pressure P, as
the throttle 14 is moved from the fully closed position
to the fully open position.

It is well established that the emission of uxides of ni-
trogen into the surrounding atmosphere via the exhaust
gases of the engine may be reduced by recirculating a
portion of the exhaust gases from the exhaust passage
12 to the intake passage 10 under the influence of the
difference between the exhaust pressure P, and the in-
take pressure P;. It is generally thought that the rate at
which exhaust gases are recirculated from the exhaust
passage 12 to the intake passage 10 should be propor-
tional to the rate at which air is drawn through the in-
take passage 10 when the throttle 14 is between the
fully closed position and the fully open position. More-
over, it is generally thought that exhaust gas recircula-
tion should be prohibited entirely when the throttle 14
is in either the fully closed position or the fully open po-
sition. Accordingly, the present invention will be de-
scribed as embodied within an exhaust gas recircula-
tion system for producing the results outlined above.
However, as will become more apparent hereinafter,
the invention is equally applicable to virtually any type
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of exhaust gas recirculation system.

Referring again to FIG. 1, the exhaust passage 12 in-
cludes a recirculation inlet port 16 located within the
passage 12 so as to be exposed to the exhaust pressure
P,. Similarly, the intake passage 10 includes a recircu-
lation outlet port 18 which is located within the passage
10 downstream of the throttle 14 so as to be exposed to
the intake pressure P, Moreover, the intake passage 10
includes an input signal port 20 located within the pas-
sage 10 adjacent the throttle 14. Preferably, the signal
port 20 extends substantially above and slightly below
the upstream edge of the throttle 14 such that the signal
port 20 is traversed by the upstream edge of the throttle
14 as it is moved from the fully closed position toward
the fully open position. As a result, the input signal port
20 is exposed to an input signal pressure P, which is
developed within a signal passage 22 coupled to the sig-
nal port 20.

As the throttle 14 is moved from the fully closed posi-
tion toward the fully open position, the input signal
pressure P, initally gradually falls from a maximum
value to a minimum value which is substantially below
the atmospheric pressure P, and subsequently gradu-
ally rises from the minimum value back to the maxi-
mum value which is approximately equal to the atmo-
spheric pressure P,. When the throttle 14 is between
the fully closed position and the fully open position, in
which event exhaust gas recirculation is desirable, the
input signal pressure P, at the signal port 20 is below
the atmospheric pressure P, by at least a first predeter-
mined amount. Conversely, when the throttle 14 is in
either the fully closed position or the fully open posi-
tion, in which event exhaust gas recirculation is not de-
sirable, the input signal pressure P, at the signal port
20 is not below the atmospheric pressure Pg by at least
the first predetermined amount.

A recirculation passage 24 is connected between the
recirculation inlet port 16 of the exhaust passage 12
and the recirculation outlet port 18 of the intake pas-
sage 10 for conducting the flow of exhaust gases from
the exhaust passage 12 to the intake passage 10 under
the influence of the difference between the exhaust
pressure P, and the intake pressure P;. A recirculation
valve assembly includes a recirculation valve 26 and a
valve actuator 28.

The recirculation valve 26 is located within the recir-
culation passage 24 so as to divide the passage 24 into
an inlet branch 30 on the exhaust passage side of the
valve 26 and an outlet branch 32 on the intake passage
side of the valve 26. The recirculation valve 26 includes
a valve seat 34 which is disposed across the recircula-
tion passage 24. A valve pintle 36 cooperates with the
valve seat 34 to define a variable orifice therebetween.
A valve stem 38 extends in vertically slidable relation-
ship and in pressure sealing relationship through the
outlet branch 32 of the recirculation passage 24. The
lower end of the valve stem 38 is connected to the valve
pintle 36.

The valve actuator 28 includes a housing having a
pair of opposing upper and lower dished portions 40
and 42 separated by a flexible diaphragm 44 which di-
vides the housing into upper and lower pressure cham-
bers 46 and 48. The upper pressure chamber 46 is cou-
pled to the signal passage 22 so that the pressure in the
upper chamber 46 is approximately equal to the input
signal pressure P,.. The lower presssure chamber 48 is
coupled to the surrounding atmosphere so that the
pressure within the lower chamber 48 is approximately
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4
equal to the atmospheric pressure Po. A coil spring 50
is seated in compression in the upper chamber 46 be-
tween the upper surface of the diaphragm 44 and the
lower surface of the upper housing portion 40. The
upper end of the valve stem 38 is attached to the dia-
phragm 44.

When the input signal pressure P,; in the upper
chamber 46 is below the atmospheric pressure P, in the
lower chamber 48 by at least the first predetermined
amount, the diaphragm 44 moves upwardly against the
action of the spring 48 to pull the valve siem 38 up-
ward. As the valve stem 38 slides upwardly, the valve
pintle 36 disengages the valve seat 34 thereby opening
the valve 26 to permit the flow of exhaust gases there-
through. The rate at which exhaust gases are recircu-
lated through the valve 26 is determined in proportion
to the size of the orifice defined between the valve pin-
tle 36 and the valve seat 34. In turn, the orifice size of
the valve 26 is determined in proportion to the differ-
ence between the input signal pressure P,; and atmo-
spheric pressure P, as defined by the rate at which air
is drawn through the intake passage 10 in response to
the position of the throttle 14.

Alternately, when the input signal pressure P,; in the
upper chamber 46 is not below the atmospheric pres-
sure P, in the lower chamber 48 by at least the first pre-
determined amount, the diaphragm 44 moves down-
wardly under the influence of the spring 50 to push the
valve stem 38 downward. As the valve stem 38 slides
downwardly, the valve pintle 36 engages the valve seat
34 thereby closing the valve 26 to prohibit the flow of
exhaust gases therethrough. Hence, the recirculation
valve 26 is opened when the throttle 14 is in other than
the fully closed position or the fully open position and
is closed when the throttle 14 is in either the fully
closed position or the fully open position. A more de-
tailed description of an exhaust gas recirculation simi-
lar to that so far described may be obtained by refer-
ence to U.S. Pat. No. 3,641,987 which is incorporated
herein by reference.

The recirculation valve 26 exhibits two possible fail-
ure modes: stuck closed and stuck open. Although the
stuck open failure mode is normally manifested by no-
ticeably poor engine response, the stuck closed failure
mode is not readily discernible from the engine re-
sponse. Of course, it is the stuck closed failure mode
which contributes to the emission of oxides of nitrogen
in the exhaust gases of the engine. Therefore, it is ad-
vantageous to provide an apparatus for monitoring the
operation of the recirculation valve 26 so as to indicate
when the valve 26 is stuck closed. Optionally, it is also
advantageous, albeit less necessary, to provide an appa-
ratus for monitoring the operation of the recirculation
valve 26 so as to indicate when the valve 26 is stuck
open. The present invention provides an apparatus for
monitoring the operation of the recirculation valve 26
in a manner which yields the desired results.

Specifically, the recirculation passage 24 includes an
output signal port 52 located in the outlet branch 32
relative to the recirculation valve 26 such that the sig-
nal port 52 is exposed to an output signal pressure P,
developed on the intake manifold side of the valve 26.
The output signal pressure P,  rises to an upper value
near the exhaust pressure P, when the recirculation
valve 26 is open. Conversely, the outlet signal pressure
P, falls to a lower value near the intake pressure P;
when the recirculation valve 26 is closed. Thus, the
output signal pressure P, is below the atmospheric
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pressure P, by at least a second predetermined amount
when the recirculation valve 26 is closed and is not
below the atmospheric pressure P, by at least the sec-
ond predetermined amount when the recirculation
valve 26 is open.

A first switching device 54 includes a pair of single
pole-single throw switches 56 and §8. The switching
device 54 is operable between alternate first and sec-
ond states. In the first state, the switch 56 is open and
the switch 58 is closed. In the second state, the switch
56 is closed and the switch 58 is open.

A switch actuator 60 includes a housing having a pair
of opposing upper and lower dished portions 62 and 64
separated by a flexible diaphragm 66 which divides the
housing into upper and lower pressure chambers 68
and 70, respectively. The upper pressure chamber 68
of the actuator 60 is coupled to the signal passage 22 so
that the pressure in the upper chamber 68 is approxi-
mately equal to the input signal pressure P,;. The lower
pressure chamber 70 is coupled to the surrounding at-
mosphere so that the pressure in the lower chamber is
approximately equal to the atmospheric pressure P,. A
pair of stop members 72 and 74 are attached to the
lower surface of the diaphragm 66 for limiting down-
ward movement of the diaphragm 66. A coil spring 76
is seated in compression in the upper chamber 68 be-
tween the upper surface of the diaphragm 66 and the
lower surface of the upper housing portion 62 for nor-
mally urging the diaphragm 66 downward to engage the
stop members 72 and 74 with the upper surface of the
lower housing portion 64. The diaphragm 66 is con-
nected through a suitable linkage 78 to the switches 56
and 58 of the first switching device 54.

When the input signal pressure P,; in the upper
chamber 68 is below the atmospheric pressure P, in the
lower chamber 70 by at least the first predetermined
amount, in which event the throttle 14 is between the
fully closed position and the fully open position, the di-
aphragm 66 moves upwardly against the action of the
spring 76 to close the switch 56 and to open the switch
58 via the linkage 78 thereby shifting the first switching
device 54 from the first state to the second state. Alter-
nately, when the input signal pressure P,; in the upper
chamber 68 is not below the atmospheric pressure P, in
the lower chamber 70 by at least the first predeter-
mined amount, in which event the throttle 14 is in ei-
ther the fully closed position or the fully open position,
the diaphragm 66 moves downwardly under the influ-
ence of the spring 70 to open the switch 56 and to close
the switch 58 via the linkage 78 thereby shifting the
first switching device 54 from the second state to the
first state.

A second switching device 80 includes a pair of single
pole-single throw switches 82 and 84. The second
switching device 80 is also operable between alternate
first and second states. In the first state, the switch 82
is closed while the switch 84 is open. In the second
state, the switch 82 is open and the switch 84 is closed.

A second switch actuator 86 includes a housing hav-
ing a pair of opposing upper and lower dished portions
88 and 90 separated by a flexible diaphragm 92 which
divides the housing into upper and lower pressure
chambers 94 and 96, respectively. The upper pressure
chamber 94 is coupled to the output signal port 52 in
the outlet branch 32 of the recirculation passage 24 s0
that the pressure in the upper chamber 94 is approxi-
mately equal to the output signal pressure P, . The
lower pressure chamber 96 is coupled to the surround-
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ing atmosphere so that the pressure in the lower cham-
ber 96 is approximately equal to the atmospheric pres-
sure P,. A pair of stop members 98 and 100 are at-
tached to the lower surface of the diaphragm 92 for
limiting downward movement of the diaphragm 92. A
coil spring 102 is seated in compression between the
upper surface of the diaphragm 92 and the lower sur-
face of the upper housing portion 88 for normally
urging the diaphragm 92 downwardly to engage the
stop members 98 and 100 with the upper surface of the
lower housing portion 90. The diaphragm 92 is con-
nected through a suitable linkage 104 to the switches
82 and 84 of the second switching device 80.

When the output signal pressure P, in the upper
chamber 94 is below the atmospheric pressure P, in the
lower chamber 96 by at least the second predetermined
amount, in which event the recirculation valve 26 is
closed, the diaphragm 92 moves upwardly against the
action of the spring 102 to close the switch 82 and to
open the switch 84 via the linkage 104 thereby shifting
the second switching device 80 form the second state to
the first state. Conversely, when the output signal pres-
sure P, _ in the upper chamber 94 is not below the at-
mospheric pressure P, in the lower chamber 96 by at
least the second predetermined amount, in which event
the recirculation valve 26 is open, the diaphragm 92
moves downwardly under the influence of the spring
102 to open the switch 82 and to close the switch 84 via
the linkage 104 thereby shifting the second switching
device 80 from the first state to the second state.

An indicator circuit includes the series combination
of a voltage source 106, a power switch 108, a telltale
lamp 110, and a switching network formed by the first
and second switching devices 54 and 80. Specifically,
the switching network comprises the series combina-
tion of the switches 56 and 82 connected in parallel
with the series combination of the switches 58 and 84.
Assuming the power switch 108 is closed, the telltale
lamp 110 is energized by the voltage source 106 to pro-
duce a perceptible indication in the form of radiated
light when both of the switches 56 and 82 are simulta-
neously closed or when both of the switches 58 and 84
are simultaneously closed. The switches 56 and 82 are
simultaneously closed only when the recirculation
valve 26 is in the stuck closed failure mode. The
switches 58 and 84 are simultaneously closed only
when the recirculation valve 26 is in the stuck open
failure.mode. Accordingly, the emission of light from
the telltale lamp 110 indicates that the recirculation
valve 26 is either stuck closed or stuck open.

As applied to an automotive vehicle, the voltage
source 106 may be conveniently provided by the stor-
age battery of the vehicle electrical system while the
power switch 108 may be conveniently provided by the
ignition switch of the vehicle electrical system. The
telltale lamp 110 may be replaced by virtually any suit-
able indicator such as a meter, a buzzer, or the like.
Moreover, if an indication of the stuck open failure
mode of the recirculation valve 26 is not desired, the
switches 58 and 84 may be merely eliminated.

Alternately, the indicator circuit may take the form
shown in FIG. 2 where like numerals are used to denote
like elements. In FIG. 2, one telltale lamp 112 is con-
nected in series with the switches 56 and 82 and an-
other telltale lamp 114 is connected in series with the
switches 58 and 84. On the one hand, the emission of
light from the lamp 112 indicates that the recirculation
valve 26 is stuck closed. On the other hand, the emis-



3,924,587

7

sion of light from the lamp 114 indicates that the recir-
culation valve 26 is stuck open. To aid in distinguishing
the lamps 112 and 114 from one another, they may be
of different colors.

It will now be appreciated that the illustrated em-
bodiment of the invention is presented for demonstra-
tive purposes only and that various alterations and
modifications may be made to the illustrated embodi-
ment without departing from the spirit and scope of the
invention.

What is claimed is:

1. In an internal combustion engine, the combination
comprising: means including an intake passage through
which ambient air is drawn into the engine from the
surrounding atmosphere; means including an exhaust
passage through which exhaust gases are forced from
the engine into the surrounding atmosphere; means re-
sponsive to the operation of the engine for developing
an input signal pressure which differs from the atmo-
spheric pressure by more than a first predetermined
amount when the recirculation of exhaust gases from
the exhaust passage to the intake passage is desired and
which differs from the atmospheric pressure by less
than the first predetermined amount when the recircu-
lation of exhaust gases from the exhaust passage to the
intake passage is not desired; means including a recir-
culation valve responsive to the input signal pressure
and coupled between the exhaust passage and the in-
take passage for opening to permit the recirculation of
exhaust gases from the exhaust passage to the intake
passage through the valve when the input signal pres-
sure differs from the atmospheric pressure by more
than the first predetermined amount and for closing to
prohibit the recirculation of exhaust gases from the ex-
haust passage to the intake passage through the valve
when the input signal pressure differs from the atmo-
spheric pressure by less than the first predetermined
amount; means responsive to operation of the recircu-
lation valve for developing an output signal pressure
which differs from the atmospheric pressure by more
than a second predetermined amount when the recircu-
lation valve is closed and which differs from the atmo-
spheric pressure by less than the second predetermined
amount when the recirculation valve is open; and
means responsive to the input and output signal pres-
sures for indicating that the recirculation valve is stuck
closed when the input signal pressure differs from the
atmospheric pressure by more than the first predeter-
mined amount and the output signal pressure differs
from the atmospheric pressure by more than the sec-
ond predetermined amount or for indicating that the
recirculation valve is stuck open when the input signal
pressure differs from the atmospheric pressure by less
than the first predetermined amount and the output sig-
nal pressure differs from the atmospheric pressure by
less than the second predetermined amount.

2. In an internal combustion engine, the combination
comprising: means including an intake passage through
which ambient air is drawn into the engine from the
surrounding atmosphere due to the difference between
the atmospheric pressure outside of the passage and an
intake pressure inside of the passage which is substan-
tially less than the atmospheric pressure, the intake
passage including a recirculation outlet port located
within the passage such that the outlet port is exposed
to the intake pressure and including an input signal port
located within the passage such that the signal port is
exposed to an input signal pressure; means including an
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exhaust passage through which exhaust gases are
forced from the engine into the surrounding atmo-
sphere due to the difference between the atmospheric
pressure outside of the passage and an exhaust pressure
inside the passage which is substantially greater than
the atmospheric pressure, the exhaust passage includ-
ing a recirculation inlet port located within the passage
such that the inlet port is exposed to the exhaust pres-
sure; a throttle mounted within the intake passage for
movement between a fully closed position and a fully
open position to regulate the flow of air through the
passage, the throttle located relative to the input signal
port such that the input signal pressure is below the at-
mospheric pressure by at least a first predetermined
amount when the throttle is between the fully closed
position and the fully open position in which event ex-
haust gas recirculation is desired and such that the
input signal pressure is not below the atmospheric pres-
sure by at least the first predetermined amount when
the throttle is in either the fully closed position or the
fully open position in which event exhaust gas recircu-
lation is not desired; means including a recirculation
passage connected between the recirculation inlet port
of the exhaust passage and the recirculation outlet port
of the intake passage for conducting the recirculation
of exhaust gases from the exhaust passage to the intake
passage due to the difference between the exhaust pres-
sure and the intake pressure, the recirculation passage
including an output signal port located within the pas-
sage such that the signal port is exposed to an output
signal pressure; means including a recirculation valve
disposed within the recirculation passage for permitting
the recirculation of exhaust gases when the valve is
open and for prohibiting the recirculation of exhaust
gases when the valve is closed, the recirculation valve
located relative to the output signal port such that the
output signal pressure is below the atmospheric pres-
sure by at least a second predetermined amount when
the valve is closed and is not below the atmospheric
pressure by at least the second predetermined amount
when the valve is open; means including a valve actua-
tor connected to the recirculation valve and coupled to
the input signal port of the intake passage for opening
the recirculation valve when the input signal pressure is
below the atmospheric pressure by at least the first pre-
determined amount and for closing the recirculation
valve when the input signal pressure is not below the
atmospheric pressure by at least the first predeter-
mined amount; means including a first switch actuator
connected to the first switching device and coupled to
the input signal port of the intake passage for shifting
the first switching device from the first state to the sec-
ond state when the input signal pressure is below the
atmospheric pressure by at least the first predeter-
mined amount and for shifting the first switching device
from the second state to the first state when the input
signal pressure is not below the atmospheric pressure
by at least the first predetermined amount; means in-
cluding a second switch actuator connected to the sec-
ond switching device and coupled to the output signal
port of the recirculation passage for shifting the second
switching device from the second state to the first state
when the output signal pressure is below the atmo-
spheric pressure by at least the second predetermined
amount and for shifting the second switching device
from the first state to the second state when the output
signal pressure ts not below the atmospheric pressure
by at least the second predetermined amount; and
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means for providing a perceptible indication when the
first switching device is in the second state and the sec-
ond switching device is in the first state in which event
the recirculation valve is stuck closed or when the first
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10
switching device is in the first state and the second
switching device is in the second state in which event

the recirculation valve is stuck open.
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