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FUEL CELL SYSTEM AND METHOD FOR RECYCLING EXHAUST

FIELD OF THE INVENTION

The present invention relates to a system and method for recycling exhaust particularly,

but not exclusively, for use with a fuel cell assembly.
BACKGROUND OF THE INVENTION

In the purest form of the reaction, fuel cells produce electricity from hydrogen and oxygen
with water as a by-pfoduct in the form of steam. Inevitably, however, hydrocarbon fuels
such as natural gas or higher (Cz+) hydrocarbons are used as the source of hydrogen and air
as the source of oxygen, with the hydrocarbon fuel being subjected to reforming upstream

of the fuel cell assembly.

One of the advantages of a solid oxide fuel cell assembly is that the operating temperature
range of about 700 to 1000°C is sufficiently high for internal steam reforming of the
hydrocarbon fuel on a nickel catalyst on the anode side of each fuel cell. Since the anode
of a solid oxide fuel cell is commonly nickel-based, for example a nickel cermet, at least

some of the internal steam reforming may be performed on the anode.

Internal steam reforming of the hydrocarbon fuel has advantages for the operating
efficiency of the fuel cell assembly, particularly in terms of balancing the exothermic fuel
cell reaction with the endothermic reforming reaction. However, full internal reforming of
the hydrocarbon fuel would tend to excessively cool the fuel cells by reforming endotherm
and can lead to carbon deposition during preheating of the fuel mixture, so it has been
proposed to use both steam pre-reforming and internal steam reforming of the hydrocarbon
fuel. Examples of such systems are described in International Patent Applications WO
01/12452 and PCT/AU02/00128 of Ceramic Fuel Cells Limited.

Steam must be present in the fuel stream supplied to the fuel cell assembly in order for the
internal steam reforming reaction to take place, and the proportion of steam to carbon
(S/C) in the fuel supply is one of the important variables in the reforming reaction.

Additionally, the presence of steam in the fuel stream tends to alleviate carbon deposition
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on the nickel catalyst.

It has been proposed to recycle exhaust from a fuel cell assembly such as one or more fuel
cell stacks to provide the steam for the internal reforming reaction. In operating a steam-
self sufficient fuel cell system, exhaust gas exiting the anode side of the assembly is
recirculated and mixed with the incoming primary fuel stream. This also has the advantage

of improving fuel utilisation limitations of the fuel cell assembly.

Recirculation of exhaust fuel gas in a fuel cell system is achieved by an arrangement which
must be able to operate at high temperature. Various arrangements have been proposed by
different fuel cell developers for introducing the anode exhaust gas into the inlet fuel gas
stream. One proposal favoured by some fuel cell system developers has been to use a jet
pump, for example as described in European Patent Application EP 0673074. In all such
proposals the incoming or primary fuel stream is discharged through a fixed geometry
precision machined nozzle. The resultant high velocity jet creates a vacuum in an
entrainment chamber that is used to draw in the recycled fuel exhaust gas through a suction
port. The two gas streams are mixed in a mixer tube of the jet pump and discharged to the

anode side inlet manifold of the fuel cell assembly.

Jet pumps used as described above have a single fuel utilization design condition for
optimum thermal efficiency of the fuel cell system, so that the recycled exhaust gas
volume drawn in by the jet pump is theoretically proportional to the volume of the primary
fuel stream (subject to disproportionate variations resulting from temperature differences
in the system and the associated density changes of the primary and recycle flows, as well

as from a varying volume of steam in the recycle stream).

This means that to operate the fuel cell system with a reduced electrical output, and
consequently reduced fuel supply, there is traditionally a reduced volumetric fuel flow rate
through the fuel cell assembly. The low flow rate presents challenges to maintaining an
even flow distribution throughout the fuel cell assembly. An uneven fuel distribution
results in an uneven fuel utilization between cells in the fuel cell assembly. The maximum
localized fuel utilization is the factor that limits the safe (non-damaging) operation of the

fuel cell.
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Advantage would be gained in having control of the amount of anode exhaust gas
recirculation to follow fuel utilization. In order to maintain thermal balance in the fuel cell
assembly, a fuel cell system requires variation in the fuel utilization level throughout the
operating range of output power from the assembly. A change in fuel utilization changes
the steam content of the anode exhaust and therefore directly impacts the ratio of recycled

anode exhaust gas that is required to achieve an adequate S/C ratio.

Further to this, peak shaving, as practiced by natural gas distributors around the world, can
introduce a primary fuel supply of variable hydrogen‘ to carbon ratio. This varies
seasonally as the gas demand of the general market changes throughout the year. The
variable hydrogen to carbon ratio also changes the anode exhaust gas recycle to primary
fuel mass flow ratio requirements, but this can not be catered for by the jet pumps
described above except by designing them for the worst case, which consequently leads to

a reduction in efficiency.

Those proposing the use of jet pumps of the type described above have faced considerable
difficulty in providing for a variable recirculation rate. On line trimming of recycle is
unavailable and the system has a resonance time (of steam mass flow available) during
current ramp up that limits the fuel flow ramp rate. As more steam is generated by the fuel
cell assembly, more needs to be recycled to satisfy the steam requirements of the increased
fuel flow. Significant excess steam supply is required in normal operation to provide rapid
load-following capability and a safety margin for composition variations of the system
feedstock fuel gas. This is a substantial disadvantage to the thermal efficiency of a fuel

cell system when using jet pumps of the type described above.

Other developers of fuel cell systems have proposed the use of a hot gas blower combined
with suitable mixing of recirculated exhaust and fresh fuel gas to achieve anode exhaust
gas recirculation. However, the high temperature of the exhaust gas renders the use of a
blower generally undesirable, particularly given a need for heat exchangers to first cool the
gas upstream of the blower and then reheat the gas downstream of the blower. In addition
to the difficulty of materials operating at these temperatures, such as metal creep and

fatigue, a blower has disadvantages resulting from general mechanical wear, as well as
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from operating noise and vibration.

A hot air blower may have the advantage of enabling the ratio of primary fuel to recycle
fuel exhaust gas to be varied. However, when the fuel cell system is operated at high
electrical turndown (low electricity production), high exhaust recycle is required to
maintain a desired volumetric fuel flow to the fuel cell assembly. Such a high exhaust
recycle requires the highest blower duty and thus the highest electrical load. The electrical
efficiency of the fuel cell system is thus substantially reduced at turndown due to turndown

being the regime when the highest blower power requirements are present.

It is an aim of the present invention to alleviate the aforementioned disadvantages of
known proposals for recycling fuel exhaust in fuel cell systems. This is achieved,
according to the present invention, by the use of a jet pump having a variable nozzle area
geometry that is adapted in use to control the cross-sectional area of the jet of pfimary fuel
on entry to the mixing tube of the jet pump and thereby the kinetic energy imparted to the
primary fuel stream. It thereby controls the ratio of recycled fuel exhaust entrained by the

primary fuel stream in the jet pump.

A jet pump known as an adjustable area motive hydrogen ejector has been proposed for
use in a fuel cell application by the Fox Valve Development Company of Dover, New
Jersey, United States of America, in their pamphlet "Hydrogen Ejectors for Fuel Cells", for
recycling hydrogen, steam and air at a maximum temperature of 500 °F (260°C).
However, these devices use a variable needle and seat arrangement working in a choked
(sonic) flow regime for the purposes of metering high pressure motive flow. Thus, the
devices are proposed for use to control mass flow at primary stream pressures of several
hundred kPa. As described their use is incapable of varying the flow rate of the
recirculated stream independently of the motive or primary stream flow rate, and therefore

is incapable of varying the entrainment ratio of the recirculating gas.
SUMMARY OF THE INVENTION

According to the present invention there is provided a fuel cell system including a fuel cell

assembly for producing electricity from a fuel and an oxygen-containing gas, a primary
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fuel line to the fuel cell assembly, a jet pump in the primary fuel line and adapted to be
driven by the flow of primary fuel, the jet pump having a nozzle, an entrainment chamber
downstream of the nozzle and a mixing tube downstream of the entrainment chamber, a
fuel exhaust recycle line from the fuel cell assembly opening to the entrainment chamber
for supply of fuel exhaust thereto, and a mass flow control device in the primary fuel line
upstream of the jet pump for controlling the primary fuel flow rate to the jet pump, wherein
the nozzle of the jet pump has an adjustable cross-sectional area to provide a variable area
flow therefrom of the primary fuel whereby the ratio of fuel exhaust entrained by the

primary fuel in the entrainment chamber can be varied.

Further according to the present invention there is provided a method of operating a fuel
cells system in which fuel exhaust from a fuel cell assembly is recycled, wherein fuel
exhaust is entrained in a primary fuel stream by means of a jet pump through a nozzle of
which the primary fuel cell stream passes and is mixed with the primary fuel stream, and
wherein the ratio of fuel exhaust in the mixed flow of primary fuel and fuel exhaust
delivered to the fuel cell assembly is varied by adjusting the cross-sectional area of the jet
pump nozzle and thereby adjusting the cross-sectional area of the primary fuel stream
therethrough.

The entrainment achieved by the invention is thus disproportionate to the mass flow rate of
the primary fuel stream. This is unlike the behavior of typical jet pumps proposed for use
in fuel cell systems, which have a fixed geometry and do not change the cross section of
the primary fuel stream. When the cross-section of the primary fuel stream is fixed, the
primary and entrained recycle flows remain essentially proportional throughout the range

of flow.

Advantageously, varying the recycle to primary fuel stream ratio changes the S/C ratio in
the fuel stream to the fuel cell assembly. Thus, further according to the present invention
there is provided a method for adjusting the proportion of steam in a fuel stream delivered
to a fuel cell assembly in a fuel cell system, the method comprising recycling fuel exhaust
containing steam from the fuel cell assembly by entraining and mixing the fuel exhaust in a

primary fuel] stream by means of a jet pump through a nozzle of which the primary fuel
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stream passes, wherein the ratio of fuel exhaust in the mixed flow of primary fuel and fuel
exhaust delivered to the fuel cell assembly is varied by adjusting the cross-sectional area of
the jet pump nozzle and thereby adjusting the cross-sectional area of the primary fuel

stream therethrough.

In a preferred embodiment, the jet pump nozzle comprises a nozzle bore of fixed cross-
section and a tapered valve body axially adjustable relative to the nozzle bore to vary the
cross-sectional area of the nozzle. Variable area jet pumps of this type have been proposed
for use in recirculating flue gas in a furnace system in a paper by G.H. Priestman and J.R.
Tippetts‘ entitled "The application of a variable-area jet pump to the external recirculation
of hot flue gases" in the Journal of the Institute of Energy, December 1995, 68, pp213-

219, the disclosure of which is incorporated herein by reference.

The valve body and nozzle bore in the preferred embodiment of jet pump may have any
suitable cross-sectional shape, but preferably such shape is selected from circular, oval and
finned. Generally, the nozzle bore and at least an inlet to the mixing tube from the

entrainment chamber will have substantially the same cross-sectional shape.

Conveniently, the jet pump is capable of operating in a condition in which no fuel exhaust
is entrained by the primary fuel stream passing through the jet pump nozzle. This can be
achieved in the preferred embodiment of the jet pump, without a shut-off valve in the fuel
exhaust recycle line, by providing the nozzle bore with a cross-sectional area that is larger
than the cross-sectional area of an inlet to the mixing tube from the entrainment chamber
when the valve body is fully retracted from the nozzle bore. This can have substantial
advantage when the fuel cell assembly is purged, since the jet pump can be adjusted to
entrain no fuel exhaust when the primary fuel stream is replaced with a purge gas that is

non-combustible, such as an inert gas.

If one or more of the fuel cells in the fuel cell assembly breaks or cracks by some means, it
is possible for air to pass from the cathode-side to the anode-side of that cell, leading to
anode destruction. Such anode destruction is limited to the broken or cracked cell or cells
when there is no recycle of the fuel exhaust. However, with fuel exhaust recycle, the air

ingress to the fuel exhaust has the potential to contaminate the whole of the fuel side of the
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fuel cell assembly with oxygen. Generally, the oxygen contamination will be identified
before the contaminated fuel exhaust is recycled with the primary fuel stream. However, a
fuel-side purge will still contaminate the fuel-side with oxygen if contaminated fuel
exhaust is entrained in the purge gas. Setting the jet pump so as to entrain no fuel exhaust

alleviates the risk of fuel-side contamination.

Advantageously, in such a purge, fuel exhaust in the exhaust recycle line between the fuel
cell assembly and the jet pump is purged by passing purge gas from the jet pump through
the exhaust recycle line to an exhaust discharge outlet. In an embodiment in which the fuel
exhaust recycle line is branched from a fuel exhaust line extending from the fuel cell
assembly and delivers to the jet pump only the volume of fuel exhaust to be entrained, the
motive purge gas can be directed both through the fuel cell assembly and in reverse flow
along the fuel exhaust recycle line when the jet pump is set to entrain no fuel exhaust. This
arrangement can reduce the resonance time of the purge function and can reduce the

quantity of gas required for a purge.

In an alternative embodiment, the fuel exhaust recycle line delivers all of the fuel exhaust
to the jet pump and the jet pump has an exhaust discharge outlet from the entrainment
chamber for discharge of excess fuel exhaust. When the jet pump is set to entrain no fuel
exhaust, all of the fuel exhaust will be discharged through the jet pump exhaust outlet. In
this embodiment, all of the motive purge gas in a purge process may be delivered by the jet
pump to the fuel cell assembly and pass from there through the fuel exhaust recycle line to

the jet pump exhaust discharge outlet, when the jet pump is set to not enirain the exhaust.

The feature of the recycle line delivering all of the exhaust to the jet pump and the jet
pump having an exhaust outlet from the entrainment chamber for discharge of excess
exhaust has application to other exhaust recycle systems than fuel cell systems and is
advantageous since recycling all of the exhaust directly through the entrainment chamber
is simpler in construction than known recirculation systems. According to this aspect of
the invention, there is provided a system for recycling exhaust, including an assembly for
generating exhaust from a fuel, a primary fuel line to the assembly, a jet pump in the

primary fuel line and adapted to be driven by the flow of primary fuel, a fuel exhaust
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recycle line from the assembly opening to an entrainment chamber of the jet pump for
supply of all of the fuel exhaust from the assembly thereto, and an exhaust discharge outlet
from the entrainment chamber, wherein a nozzle of the jet pump has an adjustable cross-
sectional area to provide a variable area flow therefrom of the primary fuel whereby the
ratio of fuel exhaust entrained by the primary fuel in the entrainment chamber can be

varied, with excess fuel exhaust being discharged through the exhaust discharge outlet.

It will be appreciated that the discussion above and below relating to fuel cell system usage
of a jet pump is generally applicable also to any other system and assembly for generating

exhaust from a fuel as described in the immediately preceding paragraph.

In a fuel cell system, the present invention has advantage in allowing a variation of the
mass flow of recirculated fuel exhaust as a proportion of the primary fuel flow during
operation and in allowing the system to operate at a minimal recycle rate during normal
operation, yet also allowing good response to ramp up fuel flow and electrical output.
When reducing electrical production, and therefore when there is a lower fuel flow
requirement, the variable geometry jet pump will provide higher fuel exhaust recirculation
to dilute the primary fuel stream and maintain a desired fuel flow rate to the fuel cell
assembly throughout the turndown range. At minimal power output, the mass fuel flow
rate to the fuel cell assembly is therefore enhanced to aid fuel distribution and permit a
much greater turndown range than is otherwise possible. Without this feature, low fuel
flow to and i)oor fuel distribution within the fuel cell assembly during low power output
operation will eventually produce local fuel starvation in one or more of the fuel cells and
irreversible anode damage as the anode oxidizes. Preferably therefore, the method of the
invention comprises adjusting the cross-sectional area of the jet pump nozzle to maintain a

selected pressure differential range across the fuel cells in the fuel cell assembly.

Advantageously, with the system and method of the invention, the differential pressure
across the anode side under different operating conditions of the fuel cell assembly does
not vary by more than about 25% from the full power operating condition to the low power
output operating condition. More preferably, the differential pressure does not vary by

more than about 15%, and most preferably by not more than about 10%.
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Any mass flow control of the primary fuel stream should be performed upstream of the jet
pump. In many conditions of use of the jet pump, mass flow control of the primary fuel
stream may be performed upstream of the jet pump by increasing the supply pressure of
the primary fuel stream to the jet pump as the primary fuel flow rate is reduced and as the
cross-sectional area of the primary fuel stream through the jet pump nozzle is reduced to
increase the proportion of fuel exhaust in the mixed flow. However, there may be
conditions, such as when reducing the fuel utilization, when the cross-sectional area of the

primary fuel stream through the jet pump nozzle is reduced to increase the proportion of
fuel exhaust in the mixed flow independently of the primary fuel flow rate. Thus, the ratio

of fuel exhaust to primary fuel flow is changed to satisfy the chemical needs of the fuel cell

assembly and to suit the operating conditions of the assembly.

Primary fuel flow may be delivered to the jet pump by, for example, a blower or pump in
thé fuel cell system. Preferably, however, the primary fuel is natural gas, which may have
been subjected to partial pre-reforming, that is supplied to the fuel cell system at mains
pressure of, say, 40 kPa. The flow rate control device may then comprise a pressure
regulator that regulates the pressure down to the pressure required at the jet pump to
control the desired mass flow. Conveniently, mass flow control is performed upstream of
any pre-heating, pre-reforming and/or desulphurisation-of the fuel. Any suitable technique
may be used to measure the actual mass flow. For example, the flow could be sensed in
the cold region by a flow sensor (thermal dispersion, vortex or orifice, etc). In one
embodiment, the mass flow control function may be performed by a mass flow meter that
has an integrated sensor, a flow control valve and/or pressure regulator. In another
embodiment the mass flow control device comprises a pump controllable by means of a
flow sensor in the primary fuel line upstream of the jet pump. This embodiment is useful
when the primary fuel flow pressure needs to be increased in order to maintain a desired

mass flow

Advantageously, the jet pump acts to provide a pressure drop between a primary fuel
supply and the fuel cell assembly, thereby isolating the fuel cell assembly from variations
in the fuel cell assembly exhaust pressure caused, for example, by flue effects or internal

transient states. Conveniently, the primary fuel stream may be shut-off by means of the jet
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pump, for example, in the preferred embodiment, by inserting the tapered valve body fully

into the nozzle bore.

In one embodiment of the fuel cell system, the fuel cell assembly is one of a plurality of
fuel cell assemblies, each having a respective primary fuel line thereto with a respective
said jet pump therein adapted to be driven by the flow of primary fuel, the fuel cell system
further including a respective fuel exhaust recycle line from each fuel cell assembly
opening to the entrainment chamber of the associated jet pump for supply of fuel exhaust
thereto, the cross-sectional area of each jet pump nozzle being individually adjustable to
provide a variable area flow therefrom of the primary fuel whereby the ratio of fuel

exhaust entrained by the primary fuel in each jet pump is consequently varied.

With the plurality of fuel cell assemblies, a respective mass flow control device may be
provided in each primary fuel line upstream of the associated jet pump for controlling the
primary fuel flow rate to said jet pump. Alternatively, the respective primary fuel lines
may branch from a common primary fuel line with the mass flow control device being

disposed in the common primary fuel line.

Correspondingly, when the fuel cell system includes a plurality of fuel cell assemblies,
each with a respective jet pump for recycling fuel exhaust to the respective assembly, an
advantageous method feature of the invention is to individually adjust the cross-sectional
area of each jet pump nozzle to vary the cross-section of the primary fuel stream
therethrough and thereby independently adjust the ratio of fuel exhaust in the mixed flow

of primary fuel and fuel exhaust delivered to the respective fuel cell assembly.

The fuel exhaust is preferably recycled from the respective fuel cell assembly, but it may
be mixed with fuel exhaust from one or more other fuel cell assemblies with the mixed fuel

exhaust being recycled to all of those fuel cell assemblies.

Preferably, the or each fuel cell assembly comprises a plurality of fuel cell stacks, most
preferably each comprising a plurality of solid oxide fuel cells with each adjacent pair of

fuel cells being separated by a gas separator plate.

Advantageously, each of a plurality of jet pumps associated with respective fuel cell
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assemblies is supplied with primary fuel from a common source. Without variation of the
primary fuel flow rate, differential adjustment of the jet pumps will act to apportion the
primary fuel flow between them. Any adjustment of a jet pump nozzle cross-sectional area
will cause change to the flow resistance in that jet pump and, when the pressure drop over
each jet pump is the same, the primary fuel flow will vary between each jet pump

proportionally.
BRIEF DESCRIPTION OF THE DRAWINGS

Two embodiments of a fuel cell system and method according to the invention will now be
more fully described, by way of example only, with reference to the accompanying

drawings, in which:

Figure 1 is a schematic system layout illustrating one embodiment of exhaust recirculation

for a fuel cell stack;

Figures 2a and 2b are part-sectional diagrammatic perspective views of alternative jet

pumps for use in the system of Figure 1;

Figure 3 is a schematic system layout illustrating a second embodiment of exhaust

recirculation for a fuel cell stack; and

Figure 4 is a part-sectional diagrammatic perspective view of the fuel side of the system of

Figure 3.
DETAILED DESCRIPTION

Referring to Figure 1, a primary or motive flow of hydrocarbon fuel is fed through a fuel
line 2 to an inlet port 3 of a variable geometry jet pump 4, and then to a fuel inlet 5 of a
fuel manifold 15 of a fuel cell stack 6. The fuel is then passed over the anode of each fuel
cell in the assembly and exhausted via a fuel exhaust manifold 17 to an exhaust line 7. A
portion of the fuel exhaust is drawn from the line 7 along a recycle line 8 into the jet pump
4 to be combined with the motive/primary fuel flow delivered through line 2. As fuel is
fed through the stack 6 air also passes from an air inlet line 9 to an air inlet manifold 16,

through the stack where it passes over the cathode of each fuel cell in the stack, and then
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through an air exhaust manifold 18 to an air outlet line 10.

The hydrocarbon fuel is conveniently natural gas, or a heavier hydrocarbon fuel, which
may have been subjected to partial steam pre-reforming in a steam pre-reformer (not
shown) upstream of the jet pump 4. Also upstream of the jet pump 4, and preferably of
any pre-reformer, is a flow rate control device 12. If the fuel supply is natural gas, it may
be delivered to the fuel cell system 1 at mains pressure of about 40 kPa, in which case the
mass flow control device 12 may comprise a flow sensor coupled to a pressure reducing
control valve that is adjustable to provide the desired mass flow at the primary fuel inlet 3.
Alternatively, the device 12 could be, for example, a flow sensor coupled to a variable

speed pump to provide the desired mass flow.

The fuel cell stack 6 may be one of several stacks of solid oxide fuel cells in a fuel cell
assembly to which the jet pump 4 delivers a mixed flow of primary fuel and recycled fuel
exhaust. In a preferred embodiment, the jet pump 4 delivers a fuel stream to four such fuel
cell stacks 6. Fuel cell stacks of solid oxide fuel cells are well known to the addressee and,

for convenience only, will not be described further.

Referring now to Figure 2a, one embodiment 20 of the jet pump 4 is illustrated
diagrammatically. The jet pump 20 has a body 22 defining an inlet chamber 24, an
entrainment chamber 26, a mixing tube 28 of constant cross-sectional area and a fuel flow
discharge outlet 30. A divergent diffuser section between the mixing tube 28 and the
outlet 30 merges into the shape and size of the outlet and downstream pipework through a
shallow angle to recover the kinetic energy in the mixed flow as static pressure. The
primary fuel inlet 3 opens into the inlet chamber 24, and the inlet chamber communicates
with the entrainment chamber 26 by way of a nozzle bore 32. The fuel exhaust recycle
line 8 opens into the entrainment chamber by way of an aperture 34 (only partly visible in
Figure 2a), and the entrainment chamber communicates with the mixing tube 28 by way of

an inlet 36.

A spear valve body 38 extends axially through the inlet chamber 24 and is supported
therein for axial adjustment by means not shown. Conveniently, the adjustment means

may comprise a screw-threaded arrangement whereby rotation of the valve body advances
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or retracts it. The inlet chamber 24 is closed by a wall (not shown) at the end 40 of the jet
pump body 22, and the spear valve body 38 extends through such wall in sealed manner.
As the spear valve body 38 extends axially through the inlet chamber 24, the primary fuel

inlet line 3 opens transversely to the chamber.

The spear valve body 38 has a tapered spear 42 at its leading end that can project into the
nozzle bore 32 to define with the nozzle bore a variable area nozzle for the primary fuel
flow. However, permissible axial adjustment of the valve body 38 is such that the tapered
leading end 42 can be fully inserted into the nozzle bore 32 to close the nozzle or fully

retracted it from the nozzle bore.

The nozzle bore 32, spear valve body 38, mixing tube 28 and mixing tube inlet 36 are
shown with a circular cross-section, but they may be, for example, oval. The nozzle bore
32 has a diameter d that is greater than the diameter D of the inlet to the mixing tube 28,
and therefore the cross-sectional area of the nozzle bore is greater than that of the mixing
tube inlet. The tapered leading end 42 of the spear valve body had a cone angle of about
40°. In an alternative embodiment, not shown, the conical leading end 42 may be replaced
by a rounded leading end, for example parabolic. Preferably, the rounded leading end
merges with the rest of the valve body over a very shallow angle, for example in the range

0 to 5°, to provide fine control towards the closed position of the nozzle.

An alternative embodiment 44 of the jet pump 4 is shown in Figure 2b. The jet pump 44 is
essentially the same as the jet pump 20, and for convenience it will therefore only be
described insofar as it differs from the jet pump 20. The jet pump 44 has a spear valve
body 46 having a tapered leading end 48 that is provided with enlarged radial fins or lobes
50. The nozzle bore 52 has a corresponding cross-section whereby the leading 48 of the
spear valve body can close off the nozzle or be fully retracted from it. Furthermore,
although not shown, the discharge tube 54 and its inlet 56 have a corresponding cross-
sectional shape that is of the smaller area than the nozzle bore. The correspondingly lobed
cross-sectional shape of the mixing tube inlet 56 may gradually merge with the cylindrical
shape of the fuel delivery outlet 30" through the diffusor portion 58 or in the mixing tube

54 . The lobed or ribbed configuration may enhance entrainment and mixing of the
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recycled fuel exhaust.

For convenience, the operation of the jet pump 20 in the fuel cell system 1 will be
described. As with the previously proposed jet pump fuel cell exhaust recycle systems,
directing the primary fuel in the jet pump inlet chamber 24 through the nozzle bore 32
changes the cross-sectional area of and increases the velocity of the primary fuel jet in the
entrainment chamber when the spear valve body 38 is disposed in the nozzle bore to
restrict the cross-sectional area of the nozzle. Thus, the pressure of the primary fuel flow
upstream of the nozzle is partially converted to kinetic energy at the nozzle, with a
consequential pressure drop across the nozzle. The pressure drop has the effect of
reducing the pressure of the primary fuel flow in the entrainment chamber below that of
the fuel exhaust at the recycled fuel exhaust inlet 8, thereby drawing the fuel exhaust into
the entrainment chamber and thence into the mixing tube 28 where the two streams are
mixed. The kinetic energy of the mixed stream is then recovered as pressure downstream

of the reduced cross-sectional area mixing tube.

Advancing the spear valve body 38 in the nozzle bore 32 increases the pressure drop across
the nozzle so that a greater proportion of fuel exhaust is drawn into the entrainment
chamber 26 and into the mixing tube 28. This will enable a substantially constant pressure
differential to be maintained across the anodes of the fuel cells in the fuel cell stack during
turndown when a lower electricity output from the fuel cell stack is achieved by reducing
the primary fuel flow to the jet pump and stack by means of the flow control device 12.
Maintaining this lower mass flow of the primary fuel will require an increase in the motive

pressure that is achieved by adjustment of the pressure regulator.

Correspondingly, the partial retraction of the spear valve body 38 from the nozzle bore 32
reduces the pressure drop across the nozzle with the result that a smaller proportion of fuel

exhaust is entrained from the fuel exhaust recycle line 8.

If it is desired to adjust the fuel utilization to maintain the thermal balance in the fuel cell
system, it is then desirable to adjust the proportion of steam recycled with the fuel exhaust.
This may be achieved by adjusting the cross-sectional area of the nozzle, and therefore the

pressure drop across the nozzle, without adjustment of the upstream flow rate control
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device. To explain further, in order to maintain thermal balance, a fuel cell system
requires a variation in the fuel utilization level throughout the operating range of the output
power from the fuel cell stack. A change in utilization will change the proportion of steam
in the anode exhaust from the stack. Thus, a change in recycle ratio by adjusting the
nozzle cross-sectional diameter, and therefore the pressure drop across the nozzle, may be

used to compensate for this.

When the intent is to maintain a substantially constant differential pressure over the fuel
side of the stack, so as to ensure that an adequate flow distribution of fuel is maintained
throughout the stack when the primary fuel flow is reduced, the desired steam to carbon
ratio is more than adequately maintained over the output power operating range by
recycling the exhaust. Thus, high fuel utilizations may be used over the range of the
system output power. This has advantages since the dilution of the fuel by the addition of
steam at lower fuel utilisations tends to reduce the voltage output of a cell.  Utilisation
limitations at lower primary fuel flows may be alleviated according to the invention by

better flow distribution, higher mass flows and lower thermal gradients in the stack.

A typical fuel utilization may be 25 to 70%, depending upon system deign and the power
output condition. In the case of 65% of fuel utilization, the steam to carbon ratio at
substantially constant differential pressure over the fuel side of the stack may vary in a
range of , for example, about 2.25 to about 4.8 (as an indication of typical design) at 40%
system output power. Under these conditions, modeling using a constant S/C ratio of 1 at
an upstream pre-reformer has shown a flow variation at the fuel cell stack from 341
standard litres per minute when the S/C ratio is 2.25 at the stack and the jet pump primary
fuel inlet pressure is 15 kPa to 196 standard litres per minute when the S/C ratio at the
stack is 4.8 and the jet pump primary fuel inlet pressure is 40 kPa. This is indicative of the
primary fuel flow rate change in standard litres per minute. The actual volumetric flow
rate to the stack remains about the same in order to maintain the desired pressure
differential across the fuel side, but it could be decreased or even increased slightly. It is

also affected by temperature and fuel utilisation (which changes the gas composition).

A modelling of a fuel cell system application example of the embodiment described with
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reference to Figure 1 follows, assuming the efficiencies and thermal balance of a fuel cell
system size appréximating 40 kW. Also, under conditions of output power being reduced
to 40%, constant fuel utilisation of 65% is assumed as an example under which the system
may maintain thermal self sustenance. 40kPa motive pressure, for example from the
reticulated gas pressure, is assumed to be available to the primary flow as dictated by the

upstream mass flow control function.

As the output power is reduced, the primary fuel flow is reduced to 36% of the molar flow
rate and, by adjusting the jet pump, the recycled exhaust volumetric flow rate is increased
by 35% of the molar flow rate to supplement the reduction in primary fuel flow to the

stack.

The subsequent mixed flow to the stack is reduced to 90% of the full power stack inlet
molar flow rate. Therefore, although a somewhat decreased molar flow rate is observed at
the stack, the reduction is disproportionate to the 64% reduction of the primary gas molar
flow rate. The pressure differential over the anode side of the fuel cell stack is maintained
to 77% of the differential pressure at full power. The disproportionate change in pressure
is advantageous for maintenance of even thermal gradients through the stack and even flow

distribution.

A further example follows for the fuel cell system described above, with the difference
being that 75kPa motive pressure is assumed to be available to the primary flow as dictated
by the upstream mass flow control function. In this case, the motive pressure may be
provided by the availability of high reticulated gas pressures or by the use of a variable

speed blower incorporated as a part of the upstream mass flow control function.

Under conditions of output power being reduced to 38%, a constant fuel utilisation of 65%

is assumed as an example under which the system may be thermally self-sustaining.

In this case, the primary flow rate is reduced to 36% of the full power molar flow rate and
the recycled exhaust volumetric flow rate is increased by 76% of the molar flow rate, by
adjustment of the jet pump, to supplement the reduction in primary fuel flow to the stack.

The subsequent mixed flow molar flow rate to the stack is increased by 12% above that
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used during full power operation, to thereby maintain the full power design target pressure

differential over the anode side of the fuel cell stack.

Changing the fuel utilisation to maintain thermal balance allows a further reduction in the
output power of the system whilst maintaining thermal balance. The examples above
demonstrate the use of the jet pump over the limits of the maximum fuel utilisation

operation.

In more general terms, using the fuel exhaust from the fuel cell stack 6 to augment the
anode side volumetric fuel flow requirements when the molar flow rate of the primary fuel
is reduced allows the fuel cell turndown range to be extended, whilst maintaining adequate
flow for fuel distribution purposes. In other words, (1) volumetric reduction in primary
fuel supplied to the fuel cell stack for reasons of reduced power output requirements during
turndown (2), a change of fuel utilization or, for example (3), when seasonal demand
causes fuel suppliers to vary the primary fuel hydrogen to carbon ratio, may all be readily
compensated for by changing the ratio of exhaust in the mixed primary fuel and recycled
exhaust flow delivered to the stack. This ensures that the anode-side of the stack has
sufficient steam supply and flow-through to continue operating effectively, where
otherwise insufficient distribution of fuel could cause damage to individual cells and

necessitate shut down.

In some instances, no recycled exhaust at all may be needed in the fuel flow delivered to
the stack 6 and it is for this purpose that the jet pump 20 is designed such that d > D.
When the jet pump is operated so that the cross-sectional area of the primary fuel flow
through the nozzle is greater than the cross-sectional area of the mixing tube inlet 34, no
exhaust is entrained in the fuel flow. Such a mode of operation has particular advantage
when air may have leaked into the fuel side of one of the fuel cells, such as by a crack in
the cell or the like, since the oxygen-containing fuel exhaust could cause damage to the
stack as a whole if allowed to recirculate through the stack. This problem can arise in
normal usage of the fuel cell system or even when the system is purged following a leak in

one of the fuel cells.

For a "purge" operation, a purge gas (preferably an inert gas) is supplied to the inlet
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chamber 24 of the jet pump 20, in place of primary fuel, and the jet pump nozzle is set so
that exhaust is not entrained in the purge gas by retracting the spear valve body 38 from the
nozzle bore 32. The purge gas is passed through the anode-side of the fuel cell stack to
purge it. In addition, with d/D>1 'overspilling' of the inert gas can be utilized, whereby a
portion of the inert gas is forced from the entrainment chamber 26 back toward the exhaust
line 7, so as to fully purge exhaust from the system 1 by reversing fluid flow in the recycle
line 8. The purge gas from both the stack 6 and the recycle line 8 is exhaust through the

exhaust line 7.

A second embodiment 60 of a fuel cell system according to the invention is illustrated in
Figure 3. The system 60 for recycling exhaust is shown as having generally the same
layout as the system 1, illustrated in Figure 1, in that a fuel line 62 provides primary fuel to
an inlet port 64 of a variable geometry jet pump 66, by way of a flow control device 68,
and in turn to a fuel inlet port 70 of a fuel cell stack 72. The fuel is likewise passed over a
respective anode of each fuel cell in the stack and exhausted to an exhaust line 74. An air-
inlet line 76 and an air-outlet line 78 are also provided to allow for flow of air through the

cathode side of the stack in order for the stack 72 to generate electricity.

However, the system 60 does not have the separate recycle line 8 branched from the fuel
exhaust line 7 shown in Figure 1, since the exhaust line 74 from the stack feeds directly
into the jet pump 66. A recycle exhaust outlet line 80 from the jet pump 66 allows any
exhaust which is not recycled through the stack 72 to exit the system 60.

Turning now to Figure 4, which shows only the fuel side of the system 60, the jet pump 66
may be seen to be similar to the jet pump 20 of Figure 2a (or the jet pump 44 of 2b), so
only the differences will be described. The jet pump 66 has an enlarged entrainment
chamber 82 into which all of the fuel exhaust is delivered by exhaust line 74, and the
recycle exhaust outlet line 80 leads from the entrainment chamber to be exhausted through
the fuel cell system. Apart from the fact that all the fuel exhaust passes through the
entrainment chamber 82, the jet pump 66 operates in exactly the same way as the jet pump

20.

The system 60 presents an additional advantage to the system described with reference to



10

15

20

WO 03/019707 PCT/AU02/01184
-19 -

Figure 1 in that the exhaust line 74 is passed directly to the jet pump so that no further
plumbing work is needed to separately draw the exhaust through a recycle line 8 branched

from the exhaust line 7.

Those skilled in the art will appreciate that the invention described herein is susceptible to
variations and modifications other than those specifically described. It is to be understood
that the invention includes all such variations and modifications which fall within its spirit
and scope. The invention also includes all the steps, features, compositions and
compounds referred to or indicated in this specification, individually or collectively, and
any and all combinations of any two or more of said steps or features. In particular, the
system 60 may be applied to other fields of endeavour where recirculation of exhaust from
an assembly that generates exhaust from a fuel is utilized, and need not be limited to use

specifically with fuel cell technology.

Throughout this specification and the claims which follow, unless the context requires
otherwise, the word "comprise", and variations such as "comprises" and "comprising",
will be understood to imply the inclusion of a stated integer or step or group of integers

or steps but not the exclusion of any other integer or step or group of integers or steps.

The reference to any prior art in this specification is not, and should not be taken as, an
acknowledgment or any form of suggestion that that prior art forms part of the common

general knowledge.
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CLAIMS

A fuel cell system including a fuel cell assembly for producing electricity from a
fuel and an oxygen-containing gas, a primary fuel line to the fuel cell assembly, a
jet pump in the primary fuel line and adapted to be driven by the flow of primary
fuel, the jet pump having a nozzle, an entrainment chamber downstream of the
nozzle and a mixing tube downstream of the entrainment chamber, a fuel exhaust
recycle line from the fuel cell assembly opening to the entrainment chamber for
supply of fuel exhaust thereto, and a mass flow control device in the primary fuel
line upstream of the jet pump for controlling the primary fuel flow rate to the jet
pump, wherein the nozzle of the jet pump has an adjustable cross-sectional area to
provide a variable area flow therefrom of the primary fuel whereby the ratio of fuel

exhaust entrained by the primary fuel in the entrainment chamber can be varied.

A fuel cell system according to claim 1 wherein the jet pump nozzle comprises a
nozzle bore of fixed cross-section and a tapered valve body axially adjustable

relative to the nozzle bore to vary the cross-sectional area of the nozzle.

A fuel cell system according to claim 2 wherein the valve body and nozzle bore

have a cross-section that is selected from circular, oval and finned.

A fuel cell system according to claim 2 or claim 3 wherein the nozzle bore and an
inlet to the mixing tube from the entrainment chamber have substantially the same

cross-sectional shape.

A fuel cell system according to any one of claims 2 to 4 wherein, with the valve
body fully retracted from the nozzle bore, the nozzle bore has a cross-sectional area
that is larger than the cross-sectional area of an inlet to the mixing tube from the

entrainment chamber.

A fuel cell system according to any one of claims 1 to 5 wherein the fuel exhaust
recycle line is branched from a fuel exhaust line extending from the fuel cell

assembly and delivers to the jet pump only the volume of fuel exhaust to be
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entrained.

A fuel cell system according to any one of claims 1 to 5 wherein the fuel exhaust
recycle line delivers all of the fuel exhaust to the jet pump and the jet pump has an

exhaust outlet from the entrainment chamber for discharge of excess fuel exhaust.

A fuel cell system according to any one of the preceding claims which operates at a

primary fuel pressure of 40 kPa or less.

A fuel cell system according to any one of the preceding claims wherein a fuel
source supplies fuel to the system at a first pressure and wherein the mass flow
control device provided in the primary fuel line upstream of the jet pump comprises
a pressure regulator, the pressure regulator being adjustable to supply the primary

fuel to the jet pump in a pressure range of no more than the first pressure.

A fuel cell system according to any one of claims 1 to 8 wherein the mass flow
control device comprises a pump controllable by means of a flow sensor in the

primary fuel line upstream of the jet pump.

A fuel cell system according to any one of the preceding claims wherein the fuel
cell assembly is one of a plurality of fuel cell assemblies, each having a respective
primary fuel line thereto with a respective said jet pump therein adapted to be
driven by the flow of primary fuel, the fuel cell system further including a
respective fuel exhaust recycle line from each fuel cell assembly opening to the
entrainment chamber of the associated jet pump for supply of fuel exhaust thereto,
wherein the cross-sectional area of each jet pump nozzle is individually adjustable
to provide a variable area flow therefrom of the primary fuel whereby the ratio of

fuel exhaust entrained by the primary fuel in each jet pump is consequently varied.

A fuel cell system according to claim 11 wherein a respective mass flow control
device is provided in each primary fuel line upstream of the associated jet pump for

controlling the primary fuel flow rate to said jet pump.

A fuel cell system according to claim 11 wherein the respective primary fuel lines
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branch from a common primary fuel line and the mass flow control device is

disposed in the common primary fuel line.

A fuel cell system according to any one of the preceding claims wherein the or each

fuel cell assembly comprises a plurality of fuel cell stacks.

A method of operating a fuel cell system in which fuel exhaust from a fuel cell
assembly is recycled, wherein fuel exhaust is entrained in a primary fuel stream by
means of a jet pump through a nozzle of which the primary fuel stream passes and
is mixed with the primary fuel stream, and wherein the ratio of fuel exhaust in the
mixed flow of primary fuel and fuel exhaust delivered to the fuel cell assembly is
varied by adjusting the cross-sectional area of the jet pump nozzle and thereby

adjusting the cross-sectional area of the primary fuel stream therethrough.

A method for adjusting the proportion of steam in a fuel stream delivered to a fuel
cell assembly in a fuel cell system, the method comprising recycling fuel exhaust
containing steam from the fuel cell assembly by entraining and mixing the fuel
exhaust in a primary fuel stream by means of a jet pump through a nozzle of which
the primary fuel stream passes, wherein the ratio of fuel exhaust in the mixed flow
of primary fuel and fuel exhaust delivered to the fuel cell assembly is varied by
adjusting the cross-sectional area of the jet pump nozzle and thereby adjusting the

cross-sectional area of the primary fuel stream therethrough.

A method according to claim 15 or claim 16 wherein the jet pump is capable of
operating in a condition in which no fuel exhaust is entrained by the primary fuel

stream passing through the jet pump nozzle.

A method according to claim 17 wherein the fuel cell assembly is purged by
adjusting the jet pump nozzle to entrain no fuel exhaust and replacing the primary

fuel stream with a purge gas stream.

A method according to claim 18 wherein fuel exhaust in an exhaust recycle line
between the fuel cell assembly and the jet pump is purged by passing purge gas

from the jet pump through the exhaust recycle line to an exhaust discharge outlet.
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A method according to any one of claims 15 to 19 wherein only the volume of fuel

exhaust to be entrained in the primary fuel stream is recycled by the jet pump.

A method according to any one of claims 15 to 19 wherein all of the fuel exhaust is
recycled through the jet pump and excess fuel exhaust is discharged from the jet

pump through an exhaust discharge outlet.

A method according to any one of claims 15 to 21 wherein mass flow control of the

primary fuel stream is performed upstream of the jet pump.

A method according to claim 22 wherein the mass flow control comprises
increasing the supply pressure of the primary fuel stream to the jet pump as the
primary fuel flow rate is reduced and as the cross-sectional area of the primary fuel
stream through the jet pump nozzle is reduced to increase the proportion of fuel

exhaust in the mixed flow.

A method according to any one of claims 15 to 23 which comprises adjusting the
cross-sectional area of the jet pump nozzle to maintain a selected pressure

differential range across the anode side of the fuel cells in the fuel cell assembly.

A method according to claim 24 wherein the variation in pressure differential
across the anode side of the fuel cells through the range of operating conditions of

the fuel cell assembly is no more than about 10%.

A method according to any one of claims 15 to 25 which comprises shutting off the

primary fuel stream by means of the jet pump.

A method according to any one of claims 15 to 26 wherein the jet pump acts to
provide a pressure drop between a primary fuel supply and the fuel cell assembly,
thereby isolating the fuel cell assembly from variations in the system exhaust

pressure.

A method according to any one of claims 15 to 27 wherein the fuel cell system
includes a plurality of fuel cell assemblies, each with a respective jet pump for

recycling fuel exhaust to the respective assembly, and wherein the cross-sectional
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area of each jet pump nozzle is individually adjustable to vary the cross-section of
the primary fuel stream therethrough and thereby independently adjust the ratio of

fuel exhaust in the mixed flow of primary fuel and fuel exhaust delivered to the

_respective fuel cell assembly.

A method according to claim 28 wherein differential adjustment of each jet pump
nozzle is used to control the respective primary fuel flow rates through the jet

pumps.

A method according to any one of claims 15 to 29 wherein the or each fuel cell

assembly comprises a plurality of fuel cell stacks.
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