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(57) Abrégée/Abstract:

A flameless combustion heater system Is described that comprises a flameless combustion heater; an oxidant inlet pipe; a fuel inlet
pipe; and a preheater for preheating the oxidant or the fuel, said preheater comprising an oxidation catalyst. A method for starting
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(57) Abrege(suite)/Abstract(continued):
up a flameless combustion heater Is described comprising passing a fuel-oxidant mixture to a preheater comprising an oxidation
catalyst to preheat the fuel or oxidant stream being fed to the heater. A method for controlling the temperature of the flameless

combustion heater system Is also described that comprises controlling the amount of fuel and/or oxidant that passes through the
preheater.
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(57) Abstract: A flameless combus-
tion heater system is described that
comprises a flameless combustion
heater; an oxidant inlet pipe; a fuel
mlet pipe; and a preheater for pre-
heating the oxidant or the fuel, said
preheater comprising an oxidation
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catalyst. A method for starting up a
flameless combustion heater is de-
scribed comprising passing a fuel-ox-
idant mixture to a preheater compris-
ing an oxidation catalyst to preheat
the fuel or oxidant stream being fed
to the heater. A method for control-
ling the temperature of the tlameless
combustion heater system is also de-
scribed that comprises controlling the
amount of fuel and/or oxidant that
passes through the preheater.
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A FLAMELESS COMBUSTION HEATER

Field of the Invention

This 1nvention relates to a flameless combustion heater,
a method for starting up a flameless combustion heater and a

method for controlling the temperature of a flameless

combustion heater system.

Background of the Invention

Flameless combustion heaters are described 1n U.S.

7,025,940. The patent describes a process heater utilizing
flameless combustion, which 1s accomplished by preheating a
fuel and combustion air to a temperature above the auto-
ignition temperature of the mixture. The fuel 1s introduced
1n relatively small 1Increments over time through a plurality
of orifices 1n the fuel gas conduit, which provide
communication between the fuel gas condult and the oxidation
reaction chamber. As described 1n the patent, a process
chamber 1s 1n heat exchange relationship with the oxidation
reaction chamber.

U.S. 5,802,858 describes the use of a catalytic surface,
such as a noble metal, within the combustion chamber of a
flameless combustor to lower the auto-l1gnition temperature of
the mixture. Thilis catalytic surface was found to be

extremely effective for example, 1n promoting oxidation of

methane 1n air at temperatures as low as 500°F (260°C).
Flameless combustion heaters provide several benefits
over conventional fired heaters as described 1n the
aforementioned patents. Flameless combustion heaters can
however encounter problems related to maintaining the heater
above the auto-ignition temperature of the fuel/oxidant
mixture durilng startup and during operation. Faillure to

malntalin the temperature 1n the heater above the auto-
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ignition temperature results 1n instability of the flameless

combustion.

As described 1in U.S. 5,862,858, the use of catalyst 1n
the flameless combustor can lower the auto-ignition
temperature, which makes 1t easier to maintain the heater

above that temperature.

summary of the Invention

This 1nvention provides a flameless combustion heater
system comprising: a flameless combustion heater; an oxidant
inlet pipe; a fuel 1nlet pipe; and a preheater for preheating
the oxidant or the fuel, said preheater comprising an
oxidation catalyst.

One embodiment of this 1nvention provides a flameless
combustion heater system wherein the preheater 1s 1n fluid
communication with the oxidant i1nlet pipe and fuel 1s
introduced 1nto the oxidant inlet pipe upstream of the
preheater such that a fuel-oxidant mixture 1s passed through
the preheater.

Another embodiment of this invention provides a
flameless combustion heater system wherein the preheater 1s
in fluid communication with the fuel inlet pipe and oxidant
1s 1ntroduced 1nto the fuel i1nlet pipe upstream of the
preheater such that a fuel-oxidant mixture 1s passed through

the preheater.

This 1nvention also provides a method for controlling
the temperature of a flameless combustion heater system and a

method for starting up a flameless combustion heater system.

Brief Description of the Drawings

Fig. 1 depicts a flameless combustion heater system with

a preheater.

Detalled Description of the Invention

The i1invention provides a flameless combustion heater

system that 1s used i1n the direct transfer of heat energy
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released by the flameless combustion of fuel to a process
fluid. The heater system has many possible uses and
applications including heating underground formations and
heating process streams. The flameless combustion heater
system 1s especially useful 1n conjunction with processes
that carry out endothermic reactions, for example,
dehydrogenation of alkylaromatic compounds and steam methane
reforming. The 1nvention provides a flameless combustion

heater system that employs a preheater to 1mprove the startup

of the heater and operational stability.

Flameless combustion 1n a heater can be accomplished by
preheating an oxidant stream and a fuel stream sufficiently
that when the two streams are combined the temperature of the
mixture exceeds the auto-i1gnition temperature of the mixture,
but the temperature of the mixture 1s less than a temperature
that would result 1n the oxidation upon mixing being limited
by the rate of mixing as described i1in U.S. 7,025,940 which 1s
hereln incorporated by reference. The auto i1ignition
temperature of the mixture depends on the types of fuel and
oxidant and the fuel/oxidant ratio. The auto ignition

temperature of mixtures used 1n a flameless combustion heater

may be in a range of from 850°C to 1400°C. The auto ignition
temperature may be reduced 1f an oxidation catalyst 1s
employed 1n the heater because this type of catalyst
effectively lowers the auto-i1gnition temperature of the
mixture as described in U.S. 5,862,858, which 1s herein
incorporated by reference.

Using certain fuels, for example hydrogen or dimethyl
ether 1n the presence of an oxidation catalyst can permit
flameless combustion to occur at or near ambient

temperatures. The flameless combustion may occur at

temperatures from about 30°C to about 1000°C depending on the

fuel and catalyst used.
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The fuel conduit provides for the controlled rate of
fuel 1ntroduction into an oxidation condult 1n a manner SO as
to provide for a desired heat release. The heat release 1s
determined 1n part by the location and number of openings,
which can be tailored to each heater application. The heat
release may be constant over the length of the heater, or it
may be decreasing or 1ncreasing over the length of the

heater.

Because there 1s no visible flame associated with
flameless combustion of a fuel, the flameless combustion
reaction occurs at a lower temperature than that observed in
conventional fired heaters. Due to the lower temperatures
observed, and the efficiency of direct heating, the heater
may be designed using lower cost materials resulting 1in
reduced capital expenditure.

The flameless combustion heater has two main elements:
an oxidation conduit and a fuel conduit. The oxidation
condulit may be a tube or pipe that has an i1nlet for oxidant,
an outlet for oxidation products and a flow path between the
inlet and outlet. Suiltable oxidants 1nclude air, oxygen, and
nitrous oxide. The oxidant that 1s i1ntroduced 1nto the
oxidation conduit may be preheated such that when mixed with
fuel, the mixture 1s at a temperature above the auto-i1gnition
temperature of the mixture. The oxidant may be heated
externally to the flameless combustion heater.

Alternatively, the oxidant may be heated 1nside the heater by
heat exchange with any of the streams 1nside the heater. The
oxldation condult may have an internal diameter of from about
2 cm to about 20 cm. The oxidant condult may however be
larger or smaller than thils range depending on the heater
requirements.

The fuel conduit transports fuel 1nto the heater and

introduces 1t 1nto the oxidation conduit. The fuel conduit
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may be a tube or pilpe that has an 1nlet for fuel and a
plurality of openings that provide fluid communication from
within the fuel conduilt to the oxidation conduit. The fuel
condult may be located within and surrounded by the oxidation
conduit. The fuel passes through the openings and into the
oxidation condult where 1t mixes with the oxidant and results
in flameless combustion. The fuel condult may have an
internal diameter of from about 1 cm to about 10 cm,
preferably from about 1.5 cm to 5 cm. Depending on the
design, however, the fuel conduit may have a diameter greater
than 10 cm or less than 1 cm.

A preferred embodiment of a flameless combustion heater
comprises two pipes or tubes. The fuel pipe has an 1nlet for
fuel and a plurality of openings that are i1n fluid
communication with the oxidation pipe. The oxidation pipe
has an inlet for preheated oxidant, an outlet for combustion
products and a flow path between the 1nlet and outlet. The
fuel 1s 1ntroduced 1nto the fuel pipe, and 1t passes through
the openings into the oxidation pipe. The oxidant and/or
fuel are preheated such that when they are mixed 1n the

heater the mixture 1s at or above the auto 1gnition

temperature of the mixture. In this embodiment, the openings

are generally drilled or cut 1nto the wall of the fuel

conduit. The openings may be circular, elliptical,

rectangular, of another shape, or even i1rregularly shaped.
The openings typically have a cross-—-sectional area of from
about 0.001 cm” to about 2 cm?,;preferably from about 0.03 cm?
to about 0.2 cm®. The size of the openings 1s determined by
the desired rate of fuel introduction i1nto the oxidation
condult, but openings that are too small may result 1in

plugging.
Different openings along the length of the heater

typically have the same cross-sectional area. In an
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alternative embodiment the cross-sectional area of the
openings may be different along the heater to provide a
desired heat release. Additionally, the spacing between
openings along the fuel condult may be different. The
openings are typilcally the same shape, but 1n the alternative
they may be different shapes.

The flameless combustion heater may additionally
comprise a process condult that carries a process fluid where
the process conduilt 1s 1n heat exchange relationship with the
oxidation conduit. The 1nclusion of a process condult 1n the
heater allows for direct heating of a process stream. The
process condult may optionally be used to carry out a
chemical reaction. The process condult may contain catalyst

to facilitate the chemical reaction. This heater 1s

especilally useful for carrying out endothermic reactions
because heat 1s added directly to the process during the
reaction. For example, this heater may be incorporated 1into
the dehydrogenation reactor to directly heat the
dehydrogenation reaction of ethylbenzene to styrene.

The flameless combustion heater may optionally comprise
an oxidant conduit. The oxidant condult has an 1nlet for
oxidant and an outlet for preheated oxidant that 1s i1n fluid
communication with the 1nlet of the oxidation conduit. The
oxidant condult 1s 1n a heat exchange relationship with the
oxidation conduit and/or the process conduit, which provide
direct heat to preheat the oxidant to a temperature
sufficient that when mixed with fuel 1n the oxidation conduit
the mixture 1s at or above the auto i1gnition temperature.

FFigure 1 depicts a general diagram of a flameless
combustion heater (10) and the location of a preheater (20)
contailning an oxidation catalyst used to 1mprove the startup
behavior and stable operation of the heater. The heater has

a fuel i1inlet (11), an oxidant inlet (13), and an oxidation
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products outlet (21). The heater also has a process 1nlet
(24) and a process outlet (Z20). A fuel slipstream pipe (16)
provides for fuel flow to the oxidant inlet pipe (14). The

fuel flow may come from the main fuel inlet pipe (12) or a
separate fuel system. A fuel valve (18) controls the flow
through the fuel slipstream pipe.

The preheater (20) 1s preferably located within the
oxidant 1nlet pipe. The preheater preferably comprises a
supported oxidation catalyst. A static mixer may be placed
1n the oxidant inlet pilpe, upstream of the catalyst to
provide for i1mproved mixing of the fuel and oxidant 1n the
oxidant 1nlet pipe. Alternatively, the fuel may enter the

oxidant 1nlet pipe far enocugh upstream to mix well.

FEffective mixing typically occurs when the fuel enters the
inlet pipe at a distance of fifteen times the diameter of the
oxldant i1nlet pipe from the oxidation catalyst.

When fuel 1s 1ntroduced into the oxidant 1nlet pipe

(14), the pipe will contain preheated oxidant and combustion

products from the reaction and both will be transported to

the flameless combustion heater via oxidant 1nlet (13). The
amount of fuel introduced 1nto the oxidant inlet pipe 1s
controlled such that only a portion of the oxidant undergoes
flameless combustion i1n the preheater.

The oxidation catalyst may be any catalyst that promotes
the flameless combustion reaction of the fuel being used.
The oxidation catalyst may comprise a noble metal, for

example, platinum, palladium, rhodium, silver, iridium, gold

or combinations thereof. In the alternative, the oxidation
catalyst may comprise a base metal, for example, copper,
1ron, manganese, vanadium, bismuth, cobalt, chromium,
molybdenum, ruthenium, tungsten, rhenium or combinations
thereof. The metals may be supported on ceramic substrates

including alumina, cerilia, zirconia, titania, silica, oOr
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combinations thereof modified with lanthanides. The catalyst
may be 1n the form of simple spheres or extrudates, for
example, cylinders, hollow cylinders, and trilobes. The

catalyst may be 1n the form of metallic or ceramic monoliths,

reticulated metallic or ceramic foams or coated metal wires,

for example, gauzes, meshes, and spilral wound structures.

The 1nvention provides a method for starting up the
flameless combustion heater system. During startup of the
heater, fuel passes through the fuel slipstream pipe to
assist 1n preheating the oxidant. The oxidation catalyst 1n
the oxidant 1nlet pipe allows flameless combustion to occur
at a lower temperature, and the heat provided by this

flameless combustion 1n the oxidant inlet pipe will raise the

temperature of the oxidant entering the heater (10) through
oxldant inlet (13). This allows the temperature of the

oxidant to be ralsed to a temperature that will be above the

auto—-1gnition temperature when mixed with fuel 1nside the
flameless combustion heater (10). After the auto i1gnition
temperature 1s reached i1in the heater, the fuel wvalve (18) may
be closed to stop the flow of fuel i1nto the oxidant 1nlet
pipe (14). The catalyst remains 1in line (14), but there 1is
no flameless combustion 1n the pipe because there 1s no fuel
in line (14). This allows the oxidation catalyst to be used
to assist 1n starting up the heater system, but then allows
the heater to operate at temperatures above those that would
be possible 1f the oxidation catalyst were i1in the heater.
The catalyst does not need to be removed from the system for

1t to stop affecting the flameless combustion 1n the heater.

The 1nvention also provides a method for controlling the

operation of the heater to maintain the stability of the

heater. During operation of the heater, the fuel valve (18)
may be controlled to control the temperature of the oxidant

entering the heater to ensure that the resulting fuel/oxidant
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temperature stays above the auto-ignition temperature of the
fuel/oxidant mixture. The flameless heater combustion system

may experience 1nstability or upsets 1f the temperature of

the oxidant being introduced 1nto the heater changes because

the resulting fuel/oxidant mixture in the heater may be below

the auto 1gnition temperature of the mixture. If this
occurs, then the flameless combustion may cease and the

heater will cool down.

According to this method, the temperature of the heater
may be determined. Thilis temperature may be compared with the

auto 1gnition temperature of the mixture being fed to the

heater. It 1s preferred for the temperature of the mixture
to be malntalned above the auto 1gnition temperature and more
preferred to maintain the temperature of the mixture at least
10°C above the auto 1gnition temperature of the mixture, and
most preferred to maintain the temperature of the mixture at

least 20°C above the auto i1gnition temperature of the

mixture. If the temperature of the heater begins to decrease
towards the auto 1gnition temperature of the mixture, then
the fuel valve (18) may be opened to allow an incremental
fuel flow from the fuel slipstream pipe such that a flameless
combustion reaction occurs at the oxidation catalyst placed
1n the oxidant inlet pipe. This flameless combustion

reaction will preheat the oxidant and the heater temperature

wlill be i1ncreased. The fuel valve may be controlled to
provide for stable operation of the flameless combustion
heater system.

The oxidation catalyst may be alternatively placed 1n

the fuel line and a slipstream of oxidant may be passed to

the fuel 1nlet pipe. It 1s preferable, however, to preheat
the oxidant because excessive preheating of the fuel may

result 1n coking of the fuel 1nlet pipe.
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The flameless combustion heater may be operated at a
varliety of conditions depending on the particular
configuration of heater and the heater application. Various
examples and conditions are described in U.S. 7,025,940,
which are herein 1ncorporated by reference. The flameless
combustion heater system may be used 1n steam reforming,
crackling or wvarious other processes.

The flameless combustion heater system of the present
invention can be used 1n the dehvydrogenation of ethylbenzene
to produce styrene. This 1s typically carried out 1n the

presence of an 1ron oxide based dehydrogenation catalyst.

The reaction typilically occurs between about 550°C and 630°C.
The heater of the present invention can also be used 1n a
steam reforming system where steam and hydrocarbons are
converted to hydrogen, carbon monoxide and carbon dioxide.

The temperature of this reaction 1s typically from about

d00°C to 870°C.

The auto-i1gnition temperatures of different fuels 1n the
presence of oxidation catalysts are described 1n U.S.
5,899,209, which 1s herein 1ncorporated by reference. Some

auto—-1gnition temperatures relevant to this 1nvention are

laid out 1n Table 1.

10
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Table 1.
Fuel Measured Auto- Fuel Conc. Catalyst
ignition 5 of Ailr
Temperature °F Volume
(°C)

Natural gas 1450 (788) 10.5 None
Methane 590 (310) 13 Pd
Hydrogen 1218 (659) 13 None
Hydrogen 120 (49) 13 Pt
Hydrogen 300 (149) 13 Pd

66.60% Hydrogen, 1249 (6706) 13 None
33.3% CO

66.60% Hydrogen, 410 (213) 13 Pt
33.3% CO

©66.0% Hydrogen, 310 (154) 13 Pd
33.3% CO

As can be seen from the table, the catalyzed auto
ignition temperatures are significantly lower than the non-
catalyzed auto 1gnition temperatures. The styrene and steam

methane reforming processes described above reguire the

process stream to be heated to above 550°C and 800°C,

respectively. It would be difficult for a heater that is
malintained at a temperature slightly above the catalyzed
auto—-1gnition temperature to heat the process streams to the
required temperatures. On the other hand, a heater that 1is
malntained at a temperature slightly above the non-catalyzed
auto 1gnition temperature would be more able to provide the
heat needed by the above-mentioned processes. The oxidation

catalyst 1s helpful 1in mailntalning stability of the heater

operation when used according to this 1nvention without
significantly lowering the auto i1gnition temperature of the

mixture 1nside the heater.

11
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The flameless combustion heater described herein can be
used 1n any application with any variation of the described

detaills of opening location and geometry.

12
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AMENDED CLAIMS
received by the International Bureau on
09 December 2009 (09.12.2009)

CLAIMS

1. A flameless combustion heater system comprising: a

flameless combustion heater having a fuel conduit, an
oxidation conduit, and a process conduit; an oxidant inlet
pipé; a fuel inlet pipe; and a preheater for preheating the
oxidant or the fuel, said preheater comprising an oxidation
cgtalyst.

2 . 'A flameless combustion heater system as claimed 1in
claim 1 wherein the preheater is in f£luid communication with
the oxidant inlet pipe and fuel is introduced into the
oxidant inlet pipe upstream of the preheater such that a
fuel-oxidant mixture is passed through the preheater.

3. A flameless combustion heater system as claimed in

claim 2 wherein the preheater is located within the oxidant

inlet pipe.

4, Aflameless combustion heater system as c¢laimed in
claim 1 wherein the preheater is in fluid communication with
the fuel inlet pipe and oxidant ig introduced into the fuel
inlet pipe upstream of the preheater such that a fuel-

oxidant mixture is passed through the preheater.

© 5. A flamelesgss combustion heater system as claimed in

claim 4 wherein the preheater is located within the fuel
inlet pipe.

6. A flameless combustion heater system as claimed in-any
of claims 1-5 wherein the oxidation catalyst comprises a

noble metal.

7. A method for starting up a flamelesgs combustion heatex
sfstem as claimed in any of claims 2-3 comprising passing
oxidant through the oxidant inlet pipe, introducing‘fué}
into the oxidant inlet pipe upstream of the preheater éﬁch

that flameless combustion occurs in the preheater, passing

15
AMENDED SHEET (ARTICLE 19)
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the resulting heated oxidant through the flameless
combustion heater until the heater is above the auto
ignition temperature of the desired mixture of fuel and”

oxidant, and then passing fuel through the fuel inlet pipe

such that flameless combustion occurs in the heater.

8. A method as claimed in claim 7 further comprising

stopping the flow of fuel into the oxidant inlet pipe.

9. A method for controlling the temperature of a flameless
i

combustion heater system as claimed in any of claims 2=-3

comprising: determining the temperature of the oxidanéubeing

introduced into the heater and adjusting the fuel flow into

the oxidant inlet pipe.

10. A method for starting up a flameless combustion héaterw'
system as claimed in any of claims 4-5 comprisiné“passing
fuel through the fuel inlet pipe, introducing oxidant into

the fuel inlet pipe upstream of the preheater such that™

flameless combustion occurs in the preheater, passing the

-~ resulting heated fuel through the flameless combustion

heater until the heater is above the auto ignition
temperature of the desired mixture of fuel and oxidant, and

then passing oxidant through the oxidant inlet pipe such

that flameless combustion occurs in the heater.

11. A method as claimed in claim 10 further comprising
stopping the flow of oxidant into the fuel inlet pipe.

12. A method for controlling the temperature of a flameléss

4 1 ] po . "'{l

combustion heater system as claimed in any of claims 4-5
’ . » ‘ . . tl.
comprising: determining the temperature of the fuel being

DN
introduced into the heater and adjusting the oxidant flow

" into the fuel inlet pipe.
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