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1
METHOD OF MANUFACTURE OF AN EXHAUST
GAS SENSOR FOR AN AIR-FUEL RATIO SENSING
SYSTEM
This s a continuation of application Ser.
198.515, filed Nov. 15, 1971, now abandoned.

SUMMARY OF THE INVENTION

The temperature of the exhaust gases leaving the
combustion chambers of reciprocating internal com-
bustion engines is proportional to the amount of com-
bustion taking place within the engine and this relation-
ship has been used in aircraft for indicating the air-fucl
ratio of the combustible mixture being supplied to the
engine. Subsequent investigations showed that the ther-
mal conductivities of various exhaust gas components
could be used to indicate the proportion of such com-
ponents in the exhaust gases. These investigations pro-
duced systems of the resistance bridge type that com-
pared the thermal conductivity of the cxhaust guses
with known gas mixtures to indicite cither air-fuel ratio
or the combustion efficiency of the engine.

Rccent interest in improving the environment by di-
minishing the quantity .of undesirable components in
the exhaust gases of automotove engines has accentu-
ated investigations into systems for monitoring continu-
ously the air-fuel ratio of combustible mixtures. These
investigations have led to numerous refinements of the
thermal conductivity system. For example, it was found
that thermal conductivity varies almost lincarly with
the carbon dioxide content of the exhaust gases and
carbon dioxide content in turn is proportional to the
air-fuel ratio. Subsequently it was found that the ther-
mal conductivity of the exhaust gases is a function of
both the carbon dioxide content and the hydrogen con-
tent. Other approaches involved combining thermat
conductivity devices with exhaust gas temperature de-
vices.

This invention provides a system for determining the
air-fuel ratio of the mixture supplied to a combustion
mechanism by detecting  directly the oxidation-
reduction characteristics of the exhaust gases. The sys-
tem comprises a sensing member made of a metal com-
pound containing oxygen atoms and having at lcast two
metal oxidation states of approximately equal cnergies
that is located in contact with cither the air-fuel mix-
ture supplied to the combustion mechanism or the ex-
haust gases leaving the mechanism. Two clectrodes
spaced apart from each other by at least a portion of
the sensing member are attached to the member and to
an electrical or electronic device for sensing the electri-
cal resistance across the electrodes. The electrical re-
sistance is proportional to the equilibrium oxygen pres-
surc of the gascous mixture in contact therewith and
resistance measurcments can be converted directly into
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the air-fuel ratio of the mixture supplied to the combus- -~

tion mechanism.

Equilibrium oxygen pressure is the partial pressure of
the oxygen in a gaseous mixture when the mixture is
brought to complete chemical equilibrium. The system
of this invention measures equilibrium oxygen pressure
of a gaseous mixturce even though the gascous mixture
is not at chemical equilibrium, i.e., even though the ac-
tual partial pressure of the oxygen excecds the partial
pressure that would be present at equilibrium.

Useful metal compounds containing oxygen atoms
and having at lcast two oxidation states of the metal of
approximately equal encrgies include transition metal
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oxides such as titanium dioxide. vanadium oxide, chro-
mium oxide, manganese oxide. iron oxide, nickel oxide,
cobalt oxide, and rare carth metal oxides such as ce-
rium oxide. prascodymium oxide, cte. Oxides of the
metals are preferable because the ceramic propertics
thereof provide relatively long useful lives at higher op-
erating temperatures and of the inherent presence of
oxygen atoms. Other compounds and mixtures of the
oxides with cach other and with the other compounds
also can be used. Energies of the two oxidation states
of the metals must be sufficiently close to permit rever-
sal by changes in the cquilibrium oxygen pressure of
the gases at operating temperature. Simple cmpirical
tests can be used to determine the required relation-
ship.

Scnsing members made from the metal compounds
preferably are located in the exhaust gases leaving the
combustion mechanism because the exhaust gases up-
proximate more closely the desired operating temperit-
tures of the members and do not contain any unviupor-
ized fuel. The system of the invention is useful particu-
larly in measuring and controlling the air-fuel ratio of
the combustible mixture being supplied to an internal
combustion engine.

The sensing member preferably is a relatively thin
plate made from sintered particles of the desired metal
compound. Such plates typically have a density of
about 80-95 percent of theoretical; plates of lower
density operate effectively but tend to be frangible
while plates of higher density. including theoretical
density, cxhibit decreasing response times. Particle size
affects response time only; a wide variety of particles
sizes can be used. The electrodes are attached 1o a sur-
face of the plate or embedded within the plate. One
preferred construction involves sandwiching the clec-
trodes between two green ceramic plates and firing the
assembly into a unitary structure.

Maintaining the sensing member within a relatively
broad temperature range, typically about 600°-900°C.,
produces adequate indications of the air-fuel ratio sup-
plied to an engine despite the fact that temperature var-
iations change the resistance between the electrodes.
Temperatures below 600°C tend to coat the member
with soot and other particulate impurities while tem-
peratures above 900°C tend to decrease overall life.
Accuracy improvements are achieved by associating a
controlled electrical heater with the sensing member to
maintain its temperature within a narrower range. A
highly useful structure involves a sandwich made of
three green ceramic plates with the electrodes between
an outer plate and the middle plate and an electrical re-
sistance wire between the middle plate and the other
outer plate. A thermocouple for temperature control
can be embedded with cither the electrodes or the re-
sistance wire.

It is believed that the metal ions of the metal com-
pounds are reduced or oxidized from one oxidation
state to the other in proportion to the reducing or oxi-
dizing nature of thc exhaust gases. In the case of tita-
nium dioxide molecules, for example, reduction frees
an electron that conducts current much more readily
and thereby reduces the resistance of the portion of the
ceramic material located between the electrical leads.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic illustration of a reciprocating
internal combustion engine showing the installation in
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the exhaust pipe of a sensing member of this invention.

FIG. 2 is a schematic plan view of a dise-shaped sens-
ing member of this invention showing the clectrical
connections thereto.

FIG. 3 is a sectional clevation of the dise-shaped
sensing member of FIG. 2 showing the disposition of
the clectrodes. an electrical resistance heating wire,
und @ thermocouple in a sandwich construction,

DETAILED DESCRIPTION

Referring to FIG. 1, a reciprocating internal combus-
tion engine 18 includes an intake manifold 12 for dehiv-
ering an air-fuel mixture 10 the engine combustion
chambers (not shown) and an exhaust manifold 14 for
removing the combustion products from the combus-
tion chambers. A carburetor 16 is attached to the in-
take manitold and an air cleaner 18 is attached to the
air inlet of carburetor 16. Carburetor 16 receives fucl
from a fuel source (not shown), produces an air-fuel
mixture and supplies the air-fuel mixture to intake
manifold 12.

Exhaust manifold 14 is connected to an exhaust pipe
20. Threaded into the wall of exhuast pipe 20 is a plug-
shaped member 22 comprising o disc-shaped ceramic
sensing member 24, Three sets of electrical leads 26,
27 and 28 cxtend from the top of plug-shaped member
22.

Turning to FIGS. 2 and 3, sensing member 22 com-
prises a sandwich of three thin ceramic plates 30, 32
and 34. A length of electrical resistance wire 36 is sand-
wiched between plates 30 and 32, Two clectrodes 38
and 40 and a thermocouple 42 are sandwiched between
plates 32 und 34. Electrodes 38 and 40 are spaced
apart a considerable distance as shown in FIG. 2. The
entire sandwich s fired into a unitary structure by con-
ventional ceramic firing techniques.

Electrical leads 26 connect clectrodes 38 and 40 to
an celectrical resistance sensor 44 as shown in FIG. 2.
Leads 27 connect the ends of resistance wire 36 to an
clectrical power supply 46 and leads 28 connect ther-
mocouple 42 to a control circuit 48 located between
the power supply and one end of the resistance wire.

Each of plates 30, 32 und 34 consists essentially of
titanium dioxide. Each plate has a final thickness of
about 0.008 inch and a diamcter of about 0.25 inch.
The plates are made by a cast tape process that com-
prises casting a titanium dioxide slurry onto a plastic
carrter tape, evaporating the vehicle from the slurry,
stripping the plastic tape and punching discs from the
remaining green ceramic layer. Titanium dioxide pow-
der having a particle size of —325 mesh is used to make
the slurry although subscquent grinding steps might re-
duce the final particle size.

Resistance wire 36 typically is made of platinum al-
loyed with about 13% rhodium and is about 0.008
inches in diameter. Electrodes 38 and 40 typically are
made of platinum and are about 0.008 inches in diame-
ter. Thermocouple 42 is a gold-palladium-platinum and
gold-palladium combination. The green plates, resis-
tance wire, electrodes and thermocouple are sand-
wiched together as shown and pressed at about 10,000
psi. After pressing, the assembly is fired at about
2300°-2500°F. for 1-2 hours.

It

n

20

3

40

45

5(

o)

60

65

4

The resulting dise is mstalled in the exhaust conduit
of a reciprocating internal combustion engine where
exhaust gases will heat the dise to about 700°C. When
the engine is supplied with an air-fuel mixture of about
13:1, the resistunce across the clectrodes s about 2000
ohms. Changing the air-fuel ratio to 14:1 without
changing any other engine parameters increases the re-
sistance to about 7000 ohms. An air-tuel ratio of 15:1
produces a resistance of 20,000 ohms. Other embodi-
ments produce resistunces ranging trom 100 ohms at an
atr-fuel ratio of 11:1 to 500,000 ohms at a ratio of 16:1.

Actual values of clectrical resistance of course de-
pend also on the distance between the electrodes and
temperature, but these factors shift the entire resis-
tance vs. air-fuel ratio curve without affecting signifi-
cantly the shape of the curve. Resistance changes rap-
idly in the vicinity of the stoichiometric air-fuel ratios
and considerable temperature variations can be toler-
ated when measurements are being made in that vicin-
ity.

A wide variety of materials can be used to make the
elctrodes, resistance wire and thermocouple vused in the
sensing member. The sensing member also can be
formed in a wide variety of sizes and shapes including
cylinders, squares, rectangles, ete.

Thus this invention provides a system for rapidly and
accurately measuring the air-fuel ratio of combustible
mixtures supplied to combustion mechanisms. The sys-
tem is useful not only for analytical purposcs but also
as an clement in a control loop for automatically con-
trolling air or fuel supplies to produce or maintain de-
sired air-fuel ratios.

We claim:

1. A process for preparing an exhaust gas sensing
member comprising the steps of

forming a slurry of a major portion of particles of a

transition metal oxide;

drying the slurry into a sheet;

forming plates from the dried slurry;

sandwiching spaced clectrodes between a pair of said

plates; and

firing the sandwiched plates into a unitary structure.

2. The process of cluim 1 including the step of sand-
wiching an electrical heating means between a third
plate and one of said pair of plates prior to the step of
firing.

3. The process of claim 1 wherein the slurry is formed
of particles of the transition metal oxide capable of
being fired to achieve a density of from about 80% of
theoretical to about 95% of theoretical.

4. The process of claim 3 wherein the slurry is formed
of —325 mesh particles of the transition metal oxide.

5. The proccess of cluim 3 wherein the sandwiched
plates are fired at a temperature of from about 2300°F
to about 2500°F for a period of time less than about
two hours.

6. The process of cluim 1 wherein the step of sand-
wiching comprises the steps of: placing a pair of plates
in confronting relation on opposite

sides of a pair of spaced electrodes; and pressing said

plates together under a pressure of about 10,000
psi.

* * * * *



