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(57) Abregé/Abstract:

A fuel processor apparatus comprising a catalytic tubular reactor Is heated using an Infrared radiant burner to provide the
endothermic heat of reaction needed to reform a mixture of hydrocarbon and steam for the production of a hydrogen-rich gas
stream. The hydrogen-rich gas stream is further purified using a sequence of catalytic steps that is fed to a fuel cell whereupon a
portion of the hydrogen contained in the gas stream Is consumed for the production of electricity by electrochemical reaction with
oxygen. An unused portion of the purified hydrogen-rich gas stream exits the fuel cell stack and is combusted in the infrared radiant
burner. A fuel cell control system rapidly responds to a variable fuel cell electric demand by adjusting the feed of hydrocarbon to the
catalytic tubular reactor to maintain the surface temperature of the infrared radiant burner within defined limits.
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ABSTRACT OF THE DISCLSURE

A fuel processor apparatus comprising a
catalytic tubular reactor is heated using an
infrared radiant burner to provide the endothermic
heat of reaction needed to reform a mixture of
hydrocarbon and steam for the production of a
hydrogen-rich gas stream. The hydrogen-rich gas
stream 1s further purified using a sequence ot
catalytic steps that 1is fed to a fuel cell whereupon
a portion of the hydrogen contained in the gas
stream is consumed for the production of electricity
by electrochemical reaction with oxygen. An unused
portion of the purified hydrogen-rich gas stream
exits the fuel cell stack and is combusted in the
infrared radiant burner. A fuel cell control system
rapidly responds to a variable fuel cell electric
demand by adjusting the feed of hydrocarbon to the
catalytic tubular reactor to maintain the surface

temperature of the infrared radiant burner within

defined limits.
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FUELL PROCESSOR APPARATUS AND CONTROL SYSTEM

BACKGROUND OF THE INVENTION

This invention relates generally to
operation of a catalytic tubular reactor to reform a
mixture of hydrocarbon and steam to produce hydrogen
for consumption in a fuel cell; and more
particularly concerns maintenance of the temperature
of a reactor burner surface temperature within
defined limits, by use of a control responsive to
fuel cell load changes to control hydrocarbon feed
to the fuel cell.

Proton exchange membrane (PEM) fuel cells

have emerged as a viable option for the production

- of disbursed electrical power, typically in the

range of 1-50 kW, for use in residential and small
commercial applications. PEM fuel cells generate
electricity by the electrochemical reaction between
hydrogen and oxygen. While oxygen is readily
available from ambient air, hydrogen must be
produced from commercially available fuels, such as
natural gas or propane, using methods such as steam
reforming. Steam reforming is a process that
involves a high temperature catalytic reaction

between a hydrocarbon and steam to form a hydrogen-
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rich product gas that contains significant
quantities of carbon monoxide.

Because PEM fuel cells have a low
tolerance to carbon monoxide, typically less than 10
ppm, additional processing steps are required to
prepare a hydrogen-rich gas stream that is suitable
for use 1n a PEM fuel cell. These additional steps
typically include application of one or more stages
of water-gas shift reaction that ultimately reduce
the carbon monoxide concentration to less than
10,000 ppm, and a selective oxidation reaction step
that further reduces the carbon monoxide
concentration to less than 10 ppm. The physical
embodiment of the process equipment that achieves
the combination of reaction steps needed to convert
the hydrocarbon feed to a useful hydrogen product is
commonly referred to as a fuel processor.

As an 1llustration, Table 1 summarizes the
reaction steps of a fuel processor designed to
produce a hydrogen-rich gas stream suitable for use
in a PEM fuel cell.

Table 1. PEM fuel processor reactions

steps
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1. CH, + HO = CO + 3 H, Steam reforming
2. CO + HO = CO, + H, Water-gas shift

3. CO + % 0, = CO, Selective oxidation

Methods to generate hydrogen from
hydrocarbon fuels for industrial purposes using the
combination of steam reforming and water-gas shift
reaction steps are generally known in the prior art.
However, industrial hydrogen generators generally do
not require a capability for rapid changes in the
hydrogen generation capacity. It is desirable that
the PEM fuel cell deliver electricity upon demand
and thus the fuel processor must be capable of
delivering variable quantities of hydrogen to the
PEM fuel cell stack 1n accordance with the electric

load requirements, which can change rapidly.

SUMMARY OF THE INVENTION

The present invention concerns provision
of a compact fuel processor comprising a catalytic
tubular reactor that 1s heated using an infrared
radiant burner to provide the endothermic heat of

reaction needed to reform a mixture of hydrocarbon
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and steam for the production of a hydrogen-rich gas
stream. The hydrogen-rich gas stream 1is further
purlfied using a sequence of catalytic steps and is
fed to a fuel cell whereupon a portion of the
hydrogen contained in the gas stream i1s consumed for
the production of electricity by electrochemical
reaction with oxygen. An unused portion of the
purified hydrogen-rich gas stream exits the fuel
cell stack and 1s combusted in the infrared radiant
burner. A fuel cell control rapidly responds to a
variable fuel cell electric demand by adjusting the
feed of hydrocarbon to the catalytic tubular reactor
to maintain the surface temperature of the infrared

radiant burner within defined limits.

DRAWING DESCRIPTION

Fig. 1 1s a diagram showing the overall
process flow scheme of the fuel processing system;

and

Fig. 2 1s a diagram showing the preferred

embodiment of the feed control scheme.
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DETAILED DESCRIPTION

The process flow embodiment of the presernt
invention achieves the object of generating from a
hydrocarbon feed a hydrogen-rich gas stream having
quality suitable for use i1n the generation of
electricity in a PEM fuel cell stack.

Referring to Fig. 1, a hydrocarbon feed 1
such as natural gas or propane, 1s fed to a
desulfurizer 2 contalning a copper impregnated
activated carbon absorbent wherein odorants, such as
mercaptans, contained within the hydrocarbon feed
are absorbed to produce an essentially sulfur-free
feed gas output 3. Desulfurization of the
hydrocarbon feed prevents contamination of
downstream catalytic processes necessary for the
production of the hydrogen-rich gas stream.

The desulfurized feed 3 1s mixed with
steam 4 and the feed/steam mixture 5 1is preheated by
heat exchange at 19 against hot reformate 6 that
exits from the steam reformer 7. The steam reformer
comprises a tubular reactor 8 containing a catalyst
9. The catalyst is commercially available and

typically contains an active nickel component that
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is well known in the art to promote the reaction

between hydrocarbon and st.eam- to produce a hydrogen-
rich ga\s stream, or reformate,_ by. a process commonly
referred to as steam reforming.

A high degree of;*-conve'rsion of the
hydrocarbon feed is achieired by heating the
reformate to a 'temnerature 1n the range of 1200°F to
1300°F at the exit 10 of th.e' tubular' reactor. The

temperature of the reformate at the exit of the

_steam reformer is typlcally selected SO that the

methane concentrat:.on in the dry gas is less than
about 2% by volume-. '

The endothermic heat of "reaction within

the tubular reactor is supplled by combust:l.ng fuel

and air in an J.nfrared rad:x.ant burner 11. A primary

. port:Lon of the endothermlc heat of reactlon'is

.transferred by radlatlon from the burner face 12 to

leg sectlons 8a and 8b of the tubular reactor that

are located w1th1n the radlant chamber 13 A

secondaryportlon of the endothermlc heat of

reaction- is transferred by conveCtion from the flue

‘gases contalned w1th1n the annular space defined

between an outer flue gas condu:.t 14 and leg 8b of the

tubular reactor. The‘ flue gases 15 ex:Lt:Lng the
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steam reformer are sent to a flue gas waste heat
recovery coil 16 in communication with water 17
contained in a steam generator 18 wherein heat 1is
recovered to generate steam that is delivered at 4
for use in the process.

The hot reformate €6 exiting the steam

reformer i1s cooled to a temperature of about 600°F

to 650°F by heat exchange against the feed/steam

mixture 5 in a feed/effluent heat exchanger 19. The
cooled gas mixture enters an integrated reaction
vessel that comprises a high temperature shift
reactor 20, an intercooler coil 21 and a low
temperature shift reactor 22. The high temperature
shift reactor contains a commercially available
catalyst, which typically includes the active
elements iron and chromium, and that promotes a
reaction between steam and carbon monoxide, commonly
known as the water-gas shift, to produce hydrogen
and carbon dioxide. See reaction 2. in Table 1.

The high temperature shift effluent gases
at 23 pass into the intercooler coil 21 that is in
heat transfer communication with water contained in
the steam generator 18 wherein the effluent gases

are cooled to a temperature range of about
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400°F-460°F before entering the inlet 24 to the low

temperature shift reactor. A portion of the high
temperature shift reactor shell 25 is also 1n heat
transfer communication with water contained in the
steam generator, which serves to remove a portion of
the exothermic heat of reaction occurring within the
high temperature shift reactor so that the

temperature of the gases at the exit 23 is typically

in the range of 600°F-650°F.

The low temperature shift reactor 22
contains a commercially available catalyst, which
typically includes the active elements of copper and
zinc, and that further promotes water-gas shift
reaction at lower temperatures so as to produce a
hydrogen-rich gas stream at the exit containing less
than about 1% carbon monoxide by volume. The low
temperature shift effluent gases 26 enter an after
cooler co1l 27 within 18, and wherein the gases are
furthexr cooled.

After exiting the aftercooler coil, the

hydrogen-rich gas stream is cooled to a temperature

range of 90°F-170°F 1in an air-cooled heat exchanger

28 resulting in the condensation of a portion of the
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water contained within the gas stream. The condensed
water is separated from the dry gas stream 29 in a
separator vessel 30 wherein it 1s combined with
makeup water 31 and returned at 40 to the steam
generator using a boiler feedwater pump 32, and
after being preheated by heat exchange against flue
gases in a boiler feedwater preheater 33.

The dry gas stream 29 exiting the
separator vessel 1s then mixed with a metered
guantity of air 35 before being sent at 29a to a
selective oxidizer reactor 36. The selective
oxldizer reactor contains a catalyst 37 that is
packed within the tubes 38 of a water-cooled heat
exchanger 39. The catalyst contains platinum and
other specialized promoters to selectively combine
oxygen with carbon monoxide to produce carbon
dioxide even in the presence of a high concentration
of hydrogen. See reaction 3. in Table 1. The

catalyst has an optimum operating temperature in the
range of 120°F to 200°F. 8Since the oxidation

reaction is highly exothermic, the heat of reaction
is removed by passing a liquid coolant such as water

over the surfaces 0of the catalyst-packed tubes. The

concentration of carbon monoxide 1n the anode feed

10
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gas 40 at the exit of the selective oxidizer is
typically less than 10 ppm.

The anode feed gas exiting the selective
oxidizer 1s of a quality suitable for feed to a PEM
fuel cell stack 41 for the production of electricity
42 by electrochemical reaction between oxygen and a
portion of the hydrogen contained in the anode feed
gas. The unused portion of the anode feed gas,
referred to as the anode offgas 43, 1s sent to the
infrared radiant burner 11 of the steam reformer 7
wherein it is combusted with air 44 to provide the
endothermic heat of reaction for the production of
reformate within the tubular reactor of the steam
reformer. The anode offgas may be supplemented with
auxiliary hydrocarbon fuel 45 before being sent to
the radiant burner.

As the auxiliary hydrocarbon fuel rate is
increased, the amount of anode offgas needed to
maintain a given radiant burner setpoint temperature
decreases. Thus, when the ratio of auxiliary
hydrocarbon fuel to hydrocarbon feed is increased,
the control system of the present invention will
respond by increasing the percentage of hydrogen

contained in the anode feed gas that is consumed in

11
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the fuel cell stack. The percentage of hydrogen
contained in the anode feed gas that is consumed by
the fuel cell stack 1s commonly referred to as the
hydrogen utilization. For instance, 1f the
auxiliary fuel is increased for a given hydrocarbon
feed rate, then the hydrogen utilization will
increase to reduced the heating value of the anode
offgas.

The feed control system of the present
invention achieves the object of rapid response to
independently varying electric load demand
variations at the fuel cell stack.

Referring to Fig. 2, the anode feed gas 40
is sent to a fuel cell stack 41 wherein a portion of
the hydrogen contained in the anode feed gas 1is
consumed by electrochemical reaction to produce
electricity 42. The unused portion of the anode
feed gas, referred to as the anode offgas 43, 1s
sent to an infrared radiant burner 11 wherein said
gas is premixed with air 44 and 1s ignited on the
burner face 12. That burner face may typically
comprise a porous material consisting of ceramic or
metal fibers. Because the porous surface has a low

thermal inertia, the temperature of the burner face

12
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responds exti*emely rapidly to variations lIl the
quantity of anode.-offgas that._'_is combusted within

the infrared ra'diant' ’bu'rner-.
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FOr examplé,fthé burner is a radiant metal
fiber burner dispoééd within a combustion chamber.
The radiant metal fiber bufnérmay include a gas
permeable zone that promotes the flameless
combustion of fuelfand oxidant in order to heat the
metal fiber.to incaﬁdeSCence and radiate thermal

energy to the_réactor.
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.For instance, the burner face temperature
can be heated froﬁl room -tetﬁpeiatuxe to 1600°F "in a
period of jﬁét a ‘f—ew seconds- frém Ehe start of fuel
flow to ‘the bu'rner.*. Therefore, the temperature of
';;he burner face provides a rapid measui:e of the

quantity of anocde offgas that exits the fuel cells
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‘The 'qﬁantify of h?drégen coﬁtained- in the
anode feea gas that is gonsﬁmgd in the .fuel cell
stack 1s --proportional to the qu‘a"n.tity of electrical
pdwer 42 that .is 'produ-ced--in the sté‘ck.. It 1is
desirable that' the fuel ceil stack be capabie' of

deliirering a varying quantity of electricity as

dictated by the system .elec':'tric\'load demand.

Theréforé,"it is desirable that the fuel ,processor

automaf:ically responds to the variable electric load

dema-n_d by producing a propo'r,tionately varying

qua‘nt':i.ty' of hydrogén that is sent to the fuel cell
staCK. |
To accomplish this Obj‘ect’:ive, a

temperature emit'ter 50 consisting of a thermocouple
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or infrared thermometer measures the temperature of

the burner face. A burner face temperature

'controller 51 malntalns a des:.red setpornt

temperature at the burner face by vary:Lng the flow

‘rate of hydrocarbon feed at a flow control valve 52.

A valve actuator_.SZ_a_ 1s .r.espons'lve _to.-controller 51.
The burner face setpoint ‘temperature is typically
maintained in the range of '1306°F'to 1900°F; |

\"For‘ insta-nce, lf the electrlc load
1ncreases, the quantlty of hydrogen consumed 1n the
fuel cell stack increases and the . quantlty of anode

offgas sent to the 1nfrared radlant burner
decreases. This results in a. rapid reduction in the
burner face temperature " The -control system of the
present :anentron w1ll respond by :anreasz.ng the

flow rate of hydrocarbon feed as: needed to 1ncrease

the hydrogen productlon rate and thus the flow of

anode offgas that is sent to the :mfrared burner in
order to malnt-aln the des-rred bu.rner, face setpoint
temperature- \ -

As the;hydrocarbon feed 'is reduced . the
endothermlc heat of reformlng is also reduced and

thus it :1.s necessary to reduce the amount of fuel

that is combusted ;Ln the ,reformer to balance the

14
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heat requirement of the steam reforming process.
Also, a significant portion of the steam that is
needed for reforming is generated by recovery of
waste heat from the combustion gases that exit the
steam reformer. Since it 1s generally desirable to
maintain an approximately constant ratio between
hydrocarbon feed and steam at the reformer inlet,
the quantity of waste heat that 1s available form
the combustion gases 1s adjusted as a function of
the hydrocarbon feed rate.

Since the radiant burner face temperature
is sensitive to the combustion air to fuel ratio, an
increase in combustion air will result in or
correspond to an increase in the fuel rate for a
given radiant burner face setpoint temperature.
Thus, by appropriate scaling of the combustion air
44 rate as a function of the hydrocarbon feed rate,
the objective of control of the endothermic heat
requirement in the reformer and the waste heat
requirement for steam generation is accomplished
according to the present invention. Control of the
combustion air can be accomplished using a control
valve, a variable speed combustion air blower or

other suitable means, indicated at 42, and

15
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controlled at 43 as a function of hydrocarbon feed
rate. See for example flow sensor 144.

While adjustment of the combustion air
provides a convenient method to approximately
balance the heat requirements within the reformer as
a function of hydrocarbon feed rate, some fine
tuning may be needed to control the reformate exit
temperature within certain defined limits. Because
the temperature of the radiant burner face varies as
a function of the air to fuel ratio, modulation of
the burner face set point temperature provides a
means to fine-tune the absorbed duty in the tubular
reactor.

In the present invention, a temperature
emitter 153 monitors at 53 the exit temperature of
the reformate exiting that tubular reactor. A
tubular reactor exit temperature controller 54
responsive to output of 153 is used to reset the
setpoint temperature of the burner face temperature
controller 51. For instance, 1f the tubular reactor
gas exit temperature is above the desired setpoint
temperature, the tubular reactor exit temperature
controller will lower the setpoint temperature of

the burner face temperature controller. This

16
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results in a reduction in the flow of anode offgas
to the infrared burner by modulation of the
hyvdrocarbon feed flow control valve.

As the auxiliary hydrocarbon fuel 45 rate
1s increased, the amount of anode offgas needed to
maintain a given radiant burner setpoint temperature
decreases. Thus, when the ratio of auxiliary
hydrocarbon fuel to hydrocarbon feed is increased,
the control system of the present invention will
respond by 1ncreasing the percentage of hydrogen
contained in the anode feed gas that is consumed in
the fuel cell stack. The percentage of hydrogen
contained in the anode feed gas that is consumed by
the fuel cell stack 1s commonly referred to as the
hydrogen utilization. Forxr instance, if the
auxiliary fuel is increased for a given hydrocarbon
feed rate, then the hydrogen utilization will
increase to reduce the heating value of the anode
offgas. Thus, by appropriate scaling of the
auxiliary hydrocarbon fuel 45 rate as a function of
the hydrocarbon feed rate using a fuel control valve
55, the objective of control of the hydrogen
utilization rate in the fuel cell stack is

accomplished according to the present invention.

17
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The control system of the present
invention provides a means and method for rapidly
modulating the production of hydrogen fed to a fuel
cell stack in response to rapid changes in the
electric load demand. The present invention also
provides means and method to balance the endothermic
heat requirements in the reformer and the waste heat
requirements for steam generation as a function of
load. The present invention further provides a
means and method for trim control to maintain a
nearly constant temperature at the exit of the
tubular reactor over wide load variations. The
present invention additionally provides a means and
method for control of the hydrogen utilization in

the fuel cell stack.

18
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We claim:

1. A fuel processor apparatus comprising in combination a catalytic tubular
reactor and an infrared radiant burner operated to heat the reactor, and to provide the
endothermic heat of reaction needed to reform a mixture of hydrocarbon and steam
supplied to the reactor for the production of a hydrogen-rich gas stream fed to a fuel cell,
and including a control responsive to temperature change of the burner, which in turn
responds to variation in fuel cell electric load, to adjust the feed of hydrocarbon to the

catalytic tubular reactor.

2. The combination of claim 1, wherein the tubular reactor 1s disposed within
a combustion chamber and is packed with a catalyst employed for the conversion of
hydrocarbon to a hydrogen-rich reformed gas by reaction with steam; said tubular reactor
having an upper portion that i1s surrounded by a convection chamber to enhance the

transfer of heat from combustion products to the reactor.

3. The combination of claim 2, wherein the radiant burner temperature is

monitored by said control which includes a process controller that adjusts a metering

valve for hydrocarbon feed to the reactor.

4, The combination of claim 3, wherein the radiant burner has a temperature
setpoint controlled as a function of the effluent temperature of a steam reformer that

incorporates said burner and reactor.

5. The combination of claim 2, wherein combustion air is supplied to the

burner and is proportioned by the control as a function of the hydrocarbon feed rate

thereby to control the amount of said endothermic heat.

6. The combination of claim 2, wherein combustion air is supplied to the

reactor and 1s proportioned as a function of the hydrocarbon feed rate to control the

19
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amount of waste heat that is used to generate steam and thus maintain a generally

constant steam to hydrocarbon feed ratio in the reactor.

7. The combination of claim 2, including a delivery means that delivers
combustion products from the combustion chamber to a steam generator to generate

stcam.

8. The combination of claim 1, wherein the burner i1s a radiant metal fiber
burner disposed within a combustion chamber, said radiant burner having a gas
permeable zone that promotes the flameless combustion of fuel and oxidant in order to

heat the metal fiber to incandescence and radiate thermal energy to the reactor.

9. The combination of claim 1, wherein the fuel cell produces anode offgas

fed to the radiant burner.

10.  The combination of claim 9 wherein auxiliary hydrocarbon fuel is mixed

with said anode offgas that is fed to the radiant burner.

11.  The combination of claim 10, wherein said auxiliary hydrocarbon fuel is
proportioned by the control to be fed as a function of the hydrocarbon feed rate to control

the hydrogen utilization in the fuel cell.

12. The combination of claim 1, including a high temperature water-gas shift
reactor; and wherein reformate produced by the catalytic tubular reactor 1s cooled in a
feed/product heat exchanger to achieve an inlet temperature in the range of 550° F. to

700° F. to said high temperature water-gas shift reactor.

13.  The combination of claim 12 including a low temperature water-gas shift
reactor, and wherein the effluent from the high temperature water-gas shift reactor is
cooled to achieve an inlet temperature of 375" F. to 500" F. to said low temperature

water-gas shift reactor by transfer of heat in a steam generator to generate steam.

20
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14. The combination of claim 13, wherein the effluent from the low

temperature water-gas shift reactor 1s cooled in the steam generator to generate steam.

15.  The combination of claim 14, including a separator, and wherein said

effluent from the steam generator, 1s further cooled 1n an air cooler to recover water 1n

said separator.

16. The combination of claim 15, including a selective oxidizer, and wherein
said effluent from the air cooler and the separator, is mixed with a small quantity of air
before being sent to the sclective oxidizer to reduce the CO concentration in the effluent

from the air cooler to less than 10 ppm.

17. The combination of claim 16, wherein the optimum temperature of the

selective oxidizer is in the range of 120" F. to 200" F.

18. The combination of claim 1, wherein selective oxidizer etfluent 1s sent to

the fuel cell anode offgas 1s sent to the radiant burner to supply said endothermic heat of

reaction.

21
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