
A MULTI-TUBE HEAT TRANSFER SYSTEM FOR THE COMBUSTION
OF A FUEL AND HEATING OF A PROCESS FLUID AND THE USE
THEREOF This application claims the benefit of U.S.
Provisional Application No. 60/660,447, filed March
10, 2005 which is hereby incorporated by reference.
The invention relates to a heat transfer system for
the combustion of a fuel and for the heating of a
process fluid. In another aspect, the invention
relates to the use of a heat transfer system for the
fiameless combustion of a fuel to directly heat a
process fluid that is to be used in a process. U.S.
Pat. No. 4,692,306 discloses a concentric tube
catalytic reaction apparatus that includes an annular
reaction chamber that surrounds a convection chamber
which surrounds a burner chamber. Within the burner
chamber is a burner assembly providing a radiating
heat source for releasing heat for transfer to the
reaction chamber. EP 0 450 872 Bl discloses several
types of reaction apparatuses one of which includes a
combustion tube that surrounds a fuel tube having
perforations at spaced intervals along its length.
Fuel is fed via the fuel tube and its perforations
into the annulus between the fuel tube and the
combustion tube wherein it mixes with air and ignites
to release heat that is used to heat the catalyst bed
that surrounds the combustion tube. U.S. Pat. No.
5,255,742 discloses a method of heating a subterranean
formation using a fiameless combustion apparatus. The
apparatus includes a fuel gas conduit containing a
plurality of orifices. The fuel gas conduit is
centralized within a combustion air conduit to form a
first annulus between the fuel gas conduit and the
combustion air conduit. The orifices provide for fluid
communication between the fuel gas conduit and the
first annulus. The combustion air conduit is
centralized within a wellbore casing to thereby form a
second annulus between the combustion air conduit and
the wellbore casing. Fuel gas is introduced into the
first annulus via the orifices of the fuel gas conduit
to mix with the air and to combust within the first
annulus. The first annulus formed by the combustion
air conduit is in fluid communication with the second
annulus between the combustion air conduit and the
wellbore casing. This fluid communication provides a
flow path for the combustion gases to be introduced
into the second annulus and to travel up the second 



annulus to the surface to thereby provide heat that is
transferred to a subterranean formation.U.S.
Publication No. 2003/0182858 describes a method for
providing controlled heat to a process fluid by
utilizing a flameless distributed combustion device.
The device includes a fuel conduit containing a
plurality of fuel nozzles distributed along its length
and a surrounding oxidation chamber. A conduit that
surrounds the fuel conduit forms the oxidation
chamber. The device further includes a process chamber
that surrounds the oxidation chamber. The fuel nozzles
provide communication from within the fuel conduit to
the oxidation chamber wherein the oxidant and fuel are
mixed and the fuel combusted. The heat released from
the combustion is transferred to the process chamber.
An object of the invention is to provide for the
combustion of a fuel and the direct transfer of heat
that is released therefrom to a process fluid.
Accordingly, a process system is provided comprising,
in concentric relationship, a fuel introduction zone,
a combustion zone, an oxidant introduction zone, and a
process fluid zone, wherein said fuel introduction
zone is defined by fuel introduction means for
introducing fuel into said combustion zone that is
defined by a reaction tube external to and surrounding
said fuel introduction means, and wherein said oxidant
introduction zone is defined by an oxidant tube
external to and surrounding said reaction tube, and
wherein said process fluid zone is defined by a
process tube external to and surrounding said oxidant
tube. Another embodiment of the invention includes a
process system comprising a fuel tube having a fuel
tube length and a fuel tube wall that define a fuel
introduction zone, wherein said fuel tube includes a
distal end and a fuel inlet end for introducing a fuel
into said fuel introduction zone, and wherein along
said fuel tube length and through said tube wall is a
plurality of spaced apart apertures; a reaction tube
having a reaction tube length and that is positioned
external to and surrounding said fuel tube so as to
thereby define a combustion zone along said fuel tube
length, wherein said reaction tube has a reaction tube
inlet end for receiving a preheated oxidant into said
combustion zone and an exhaust end for discharging a
combustion exhaust from said combustion zone, and
wherein said plurality of spaced apart apertures
provide for fluid communication between said fuel 



introduction zone and said combustion zone; an oxidant
introduction tube having an oxidant introduction tube
length and that is positioned external to and
surrounding said reaction tube so as to thereby define
an oxidant introduction zone along said reaction tube
length, wherein said oxidant introduction tube has an
oxidant introduction tube inlet endfor introducing an
oxidant into said oxidant introduction zone and an
oxidant introduction tube outlet end for discharging
said preheated oxidant from said oxidant introduction
zone into said combustion zone through said oxidant
introduction tube outlet end which is in fluid
communication with said reaction tube inlet end, and
wherein said oxidant introduction zone is in heat
exchange relationship with said combustion zone; and a
process tube that is positioned external to and
surrounding said oxidant introduction tube so as to
thereby define a process fluid zone along said oxidant
introduction tube, wherein said process tube has a
process fluid inlet end for introducing a process
fluid into said process fluid zone and a process fluid
outlet end for discharging a heated process fluid from
said process fluid zone, and wherein said process
fluid zone is in heat exchange relationship with said
combustion zone. A further embodiment of the present
invention includes a method comprising introducing a
fuel into a fuel tube having a fuel tube length and a
fuel tube wall that define a fuel introduction zone,
wherein said fuel tube includes a distal end and a
fuel inlet end for introducing said fuel into said
fuel introduction zone, and wherein along said length
and through said tube wall is a plurality of spaced
apart apertures; introducing a preheated oxidant into
a reaction tube having a reaction tube length and that
is positioned external to and surrounding said fuel
tube so as to thereby define a combustion zone along
said fuel tube length, wherein said reaction tube has
a reaction tube inlet end for receiving said preheated
oxidant into said combustion zone and an exhaust end
for discharging a combustion exhaust from said
combustion zone, and wherein said plurality of spaced
apart apertures provide for fluid communication
between said fuel introduction zone and said
combustion zone; introducing an oxidant into an
oxidant introduction tube having an oxidant
introduction tube length and that is positioned
external to and surrounding said reaction tube so as
to thereby define an oxidant introduction zone along
said reaction tube length, wherein said oxidant
introduction tube has an oxidant introduction tube
inlet end 



for introducing said oxidant into said oxidant
introduction zone and an oxidant introduction tube
outlet end for discharging said preheated oxidant from
said oxidant introduction zone into said combustion
zone through said oxidant introduction tube outlet end
which is in fluid communication with said reaction
tube inlet end, and wherein said oxidant introduction
zone is in heat exchange relationship with said
combustion zone; introducing a process fluid into a
process tube that is positioned external to and
surrounding said oxidantintroduction tube so as to
thereby define a process fluid zone along said oxidant
introduction tube, wherein said process tube has a
process fluid inlet end for introducing said process
fluid into said process fluid zone and a process fluid
outlet end for discharging a heated process fluid from
said process fluid zone, and wherein said process
fluid zone is in heat exchange relationship with said
combustion zone; discharging said heated process fluid
from said process fluid zone; and discharging said
combustion exhaust from said combustion zone. FIG. 1
is a sectional view of elements of the heat transfer
system for the combustion of a fuel and for the
heating of a process fluid. FIG. 2 is a sectional view
of an embodiment of the heat transfer system for the
combustion of a fuel and for the heating of a process
fluid. The invention provides a heat transfer system
or device that may be used in the direct transfer of
heat energy released by the combustion of a fuel,
preferably by flameless combustion, to a process
fluid. The heat transfer system has many possible uses
and applications, but, in particular, the use of a
direct heating system such as the one described in
detail in this specification may be especially
beneficial in endothermic dehydrogenation processes
such as processes for the dehydrogenation of
ethylbenzene to yield a styrene product. For instance,
the direct heating system of the invention may provide
for the controlled rate of fuel introduction through a
fuel tube to a combustion zone in a manner so as to
provide for a uniform combustion of the fuel along the
fuel tube. This uniform combustion may provide for a
uniform temperature profile along the fuel tube. This
combustion may provide for a controlled temperature
profile through the combustion zone. Some benefits
that may be realized include, but are not limited to,
reducing steam usage, operating at higher throughputs,
increasing yields and selectivity, decreasing coke
make, 



and increasing the pressure of the operation. The
direct heating system may also provide for so-called
flameless combustion of a fuel with released heat to
be transferred to a process fluid. Because there is no
flame associated with the flameless combustion of the
fuel, the oxidation reaction (i.e., the flameless
combustion) occurs at a relatively low temperature as
compared to the flame temperatures observed in
conventional combustion and heat transfer devices such
as those that occur in conventional fired heaters.
While the temperature of the flameless oxidation of a
fuel may vary depending upon the fuel that is
combusted, it may typically be in therange of from
about 600 C to about 1100 C, or from about 750 0C to
about 1050 0C as opposed to the flame temperatures
observed in the conventional burning of fuels that may
typically exceed 1650 C. The direct heating system of
the invention may also provide for heat transfer to a
process stream that is to be heated in a manner so as
to provide a heat transfer efficiency that exceeds
that of conventional heating systems. One of the
features of the invention is that it provides for the
direct heating of a process stream in that the process
fluid is in close relationship with the outer surface
of a reaction tube within which fuel combustion
occurs. The process stream is contained by a process
sleeve or conduit or tube that surrounds an oxidant
introduction tube which surrounds the reaction tube to
thereby provide a process fluid zone. The process
fluid zone may be a process annulus formed by the
process tube surrounding the oxidant introduction
tube. Heat transfer to the process fluid is maximized
by providing for both convection and radiant heat
transfer with the process sleeve providing for a
second heat radiating surface to that of the reaction
tube surface or the oxidant introduction tube surface.
Now referring to FIG. 1, presented is a sectional view
of elements of the heat transfer system 10. The heat
transfer system 10 is a four-tube system including a
fuel or fuel introduction tube 12, a reaction tube 14,
which is external to and surrounds fuel tube 12, an
oxidant or oxidant introduction tube 16, which is
external to and surrounds reaction tube 14, and
process tube 18, which is external to and surrounds
oxidant tube 16. The tubes of the four-tube system may
have any suitable geometry that provides for a
conduit. In typical embodiments, the tubes of the heat
transfer system 10 maybe made from any 



suitable commercially available pipe stock or square
or rectangular tube stock. For example, the tubes may
be standard pipe, according to the ANSI/ASME B36.10M
standard, the European DIN 2448 standard, or any other
standard. Non-limiting examples of such suitable
standard pipe include: 3A inch schedule 40 pipe as
defined by the ANSI/ASME B36.10M standard (DN 20 as
defined by the DIN 2448 standard), which may be used
for the fuel tube 12, 3.5 inch schedule 40 pipe, as
defined by the ANSI/ASME B36. 1OM standard (DN 90 as
defined by the DIN 2448 standard), which may be used
as the reaction tube 14, and 5 inch schedule 40 pipe
as defined by the ANSI/ASME B36.1OM standard (DN 125
as defined by the DIN 2448 standard), which may be
used as the oxidant tube 16. The process tube 18 may
be a pipe that serves as a process sleeve that
surroundsthe oxidant tube 16, or a shell (not shown)
may be used that encompasses an assembly or bundle of
a plurality of a three-tube combination of the fuel
tube 12, reaction tube 14 and oxidant tube 16. While
the previously listed standard pipes are presented as
examples, any suitable pipe may be used for the tubes
of the heat transfer system 10, including schedule 80
and higher or lower schedules of pipe. The sizes of
the pipes that may suitably be used may range from 13
mm (1A inch) to 300 mm (12 inch), and in the case of a
tube bundle, the process shell may have a diameter
upwardly to 305 cm (10 feet), 460 cm(15 feet) or 610
cm(20 feet) or greater. The fuel tube 12 has a fuel
tube length extending from its fuel inlet end 20 to
its distal end 22, and fuel tube 12 further has fuel
tube wall 24. Together, the fuel tube wall 24 and the
fuel tube length define a fuel introduction zone 26,
which extends through at least a portion of the fuel
tube length of the fuel tube 12. The fuel tube 12
further provides means for introducing a fuel into a
combustion zone 30. The fuel is introduced into the
fuel introduction zone 26 through the fuel inlet end
20, which provides means for introducing the fuel into
the fuel introduction zone 26. The combustion zone 30
is a conduit, formed between the fuel tube 12 and the
reaction tube 14, that is defined by the reaction tube
14 being positioned external to and surrounding the
fuel tube 12. The fuel tube 12 may further include a
plurality of apertures 32 that are defined by the fuel
tube wall 24. The apertures 32 are spaced apart
axially along a portion of the length of the fuel 



tube 12 and provide for fluid communication between
the fuel introduction zone 26 and the combustion zone
30. When the heat transfer system 10 is in use, the
apertures 32 function by providing a conduit for the
fuel from within the fuel introduction zone 26 to be
introduced into a preheated oxidant that is passing
through the combustion zone 30. The spacing,
orientation and size of the apertures are such that as
to provide for the introduction of increments of fuel
from fuel introduction zone 26 into the combustion
zone 30 in amounts and at such rates as to provide for
rapid and complete mixing of the preheated oxidant and
the fuel. Due to the rapid and complete mixing, the
oxidation reaction between the preheated oxidant and
fuel is not limited by the rate of mixing. Thus,
generally, it is the combination of the fuel
introduction zone 26 geometry, as defined by the fuel
tube 12, and the combustion zone 30 geometry, as
defined by the reaction tube 14, that provide for the
fuel velocity and preheated oxidant velocity that
results in the desired rapidand complete mixing of the
two fluids. The fuel tube introduction zone 26
geometry includes such features as the fuel tube
length, the fuel tube diameter, and the number,
spacing, orientation and size of the apertures of the
fuel tube 12. The combustion zone 30 geometry includes
such features as its reaction tube diameter and
length. As noted above, the apertures 32 are spaced
apart in the axial direction along the length of the
fuel tube 12, and the apertures 32 may be positioned
in their respective radial planes at different
orientations along the length of the fuel tube 12. For
example, the position of the apertures 32 may
alternate 180 degrees in the radial planes along the
length of the fuel tube 12, or they may alternate 120
degrees, or 90 degrees and so forth. Therefore the
position of the apertures in the fuel tube 12 may be
such that their orientation in the radial planes
alternate along the length of the fuel tube 12 with
their orientations varying from 0 degrees to 360
degrees or from 30 degrees to 180 degrees. It is
preferred, however, for the aperture orientations to
alternate at from about 60 to 120 degrees along the
length of the fuel tube 12. The reaction tube 14 has a
reaction tube length and, as described above, is
positioned external to and surrounds the fuel tube 12
so as to thereby define the combustion zone 30 that
extends along the length of fuel tube 12. The reaction
tube length of reaction tube 14 extends from reaction
tube inlet end 34 to exhaust end 36. The oxidant 



tube 16 has an oxidant tube length and is positioned
external to and surrounds reaction tube 14 in a manner
so as to define an oxidant introduction zone 40 along
the length of the reaction tube 14. The oxidant
introduction zone 40 is a conduit, formed between the
reaction tube 14 and the oxidant tube 16, defined by
the oxidant tube 16 being positioned, as earlier
noted, external to and surrounding the reaction tube
14. The oxidant tube length extends from oxidant
introduction tube inlet end 42 to oxidant introduction
tube outlet end 44. It is a feature of the heat
transfer system 10 for the oxidant introduction zone
40 to be configured so that it provides for the heat
exchange relationship between the oxidant introduction
zone 40 and the combustion zone 30. In the operation
of the heat transfer system 10, an oxidant is
introduced into the oxidant introduction zone 40
through the oxidant introduction tube inlet end 42,
which provides means for introducing the oxidant into
the oxidant introduction zone 40. The oxidant passes
through oxidant introduction zone 40 and absorbs heat
energy by the transfer of heat from the combustion
zone 30 tothereby provide a preheated oxidant. The
curvy arrows 46 depict the transfer of heat energy
from the combustion zone 30 into the oxidant that
passes through the oxidant introduction zone 40. The
preheated oxidant is discharged from the oxidant
introduction zone 40 through oxidant introduction tube
outlet end 44 and is introduced into combustion zone
30 through the reaction tube inlet end 34. Oxidant
introduction tube outlet end 44 provides means for
discharging the preheated oxidant from oxidant
introduction zone 40 into combustion zone 30 through
oxidant introduction tube outlet end 44, which is in
fluid communication with reaction tube inlet end 34.
The reaction tube inlet end 34 provides means for
receiving the preheated oxidant into the combustion
zone 30. By preheating the oxidant and/or fuel in the
heat transfer system 10, the capital expenditure can
be reduced. Supplementary heat exchangers that may be
needed to recover heat from one or more of the streams
or to provide heat to one or more of the streams
outside of the heat transfer system 10 may be designed
differently, including the use of lower cost
materials, or may not be necessary. The increments of
fuel that are introduced into the combustion zone 30
through apertures 32 and the preheated oxidant are
intimately mixed within the combustion zone 30 



to form a combustion mixture. Further, within the
combustion zone 30 the combustion of the combustion
mixture occurs whereby heat is released. The flameless
combustion of fuel is achieved within combustion zone
30 in part by the mixing of the preheated oxidant to
form the combustion mixture having a combustion
mixture temperature that exceeds the auto-ignition
temperature of the combustion mixture. Thus, the heat
transfer system 10 is configured so that the heat
exchange relationship between the combustion zone 30
and oxidant introduction zone 40 provides for the
preheated oxidant having a preheated oxidant
temperature that is sufficiently high to provide for
the aforementioned combustion mixture temperature that
exceeds the auto-ignition temperature of the
combustion mixture. Typically a fuel is selected for
use in the operation of the heat transfer system 10,
wherein the auto-ignition temperature of the
combustion mixture comprising the fuel is in the range
of from 4000C (752F) to 1500C (2732F), or from
500C(932F) to 1400C (2552F), but more typically, from
6000C (1112F) to 1350C(2462F) and, most typically,
from 700C(1292F) to 13000C (2372F). The temperatures
at which the oxidant and fuel are introduced into the
heat transfer system 10 maybe in a broad range of
temperatures including temperatures that
approachambient temperatures. The oxidant and fuel may
also be heated to above ambient temperature prior to
their introduction into the heat transfer system.
Thus, the temperature of the oxidant to be introduced
into the heat transfer system 10 through oxidant
introduction tube inlet end 42 may be in the range of
from about -30C(-22F) to about 2000C(3632F), or from
about - 10C(14F) to about 1200C(2192F) or from about
-10C(14F) to about 400C(752F). The temperature of the
oxidant introduced into the heat transfer system may
be at a temperature of at least -30 0C5 at least -20C,
at least -10 0C or at least 00C. The temperature of
the oxidant introduced into the heat transfer system
may be at most 30000C, at most 20000C, at most 12000C,
or at most 10000C. In some embodiments, the oxidant
may be preheated prior to its introduction into the
oxidant introduction zone end 40 of the heat transfer
system 10. The geometry of the oxidant introduction
zone 40 and of the fuel introduction zone 26 are such
as to provide for a velocity of the preheated oxidant
and a fuel velocity into and through the combustion
zone 30 such that the formation of a flame during the
combustion 



of the combustion mixture is prevented. The combustion
exhaust gases pass from the combustion zone 30 through
the exhaust end 36, which provides means for the
discharge of the combustion exhaust from the
combustion zone 30. The process tube 18 is positioned
external to and surrounding the oxidant tube 16 so as
to thereby define the process fluid zone 50 along at
least a portion of the length of the oxidant
introduction tube 16. The process tube 18 has a length
that extends from process fluid inlet end 52 to
process fluid outlet end 54. The process fluid inlet
end 52 provides means for introducing a process fluid
into the process fluid zone 50, and the process fluid
outlet end 54 provides means for discharging from the
process fluid zone 50 a heated process fluid. It is an
aspect of the inventive heat transfer system 10 for
the process fluid zone 50 to be configured so that it
is in heat exchange relationship with the combustion
zone 30, or that the process fluid zone 50 is in heat
exchange relationship with the oxidant introduction
zone 40, which in turn is in heat exchange
relationship with combustion zone 30. This heat
exchange relationship provides for the transfer of
heat energy into the process fluid zone 50 thereby
heating the process fluid passing through the process
fluid zone 50. Depicted by the curvy arrows 46 is the
flow of heat energy from the combustion zone 30, or
from theoxidant introduction zone 40, or from both the
combustion zone 30 and oxidant introduction zone 40,
to the process fluid passing through the process fluid
zone 50. Provided at the oxidant introduction tube
outlet end 44 is a closure 56, which provides means
for fluidly isolating the process fluid zone 50 from
the oxidant introduction zone 40, combustion zone 30,
and fuel introduction zone 26. As it is depicted in
FIG. 1, the distal end 22 of fuel tube 12 extends to
the closure 56 where it is fixedly attached thereto;
however, this is an optional feature of the heat
transfer system. The distal end 22 of fuel tube 12 may
extend to and terminate at a point anywhere from
within the combustion zone 30 defined by the reaction
tube 14 to the closure 56. The reaction tube inlet end
34 terminates at a point distant from the closure 56
so as to provide for the fluid communication between
the oxidant introduction tube outlet end 44 and
reaction tube inlet end 34. FIG. 2 depicts an
embodiment of the heat transfer system 10 where the
distal end 



22 of fuel tube 12 does not extend to the closure 56.
In FIG. 2, the distal end 22 of the fuel tube 12
extends to and terminates at a point within the
oxidant introduction zone 40. A fuel tube that is not
fixed to closure 56 will be able to expand and/or
contract due to thermal expansion without resulting in
detrimental mechanical effects on any of the other
tubes. In addition, the oxidant introduction tube 16
will be able to expand and/or contract due to thermal
expansion without resulting in detrimental mechanical
effects on the fuel tube. The heat transfer system 10
may be designed for use in any application that may
exploit the benefits of direct heating of a process
fluid through the use of a four-tube heating device as
described in detail herein. One such application is in
the heating of a process fluid of a dehydrogenation
process in which the heated process fluid is contacted
under dehydrogenation process conditions with a
dehydrogenation catalyst to yield a dehydrogenation
product. Other processes that may productively or
suitably exploit the advantages of the heat transfer
system may include steam reforming and olefins
cracking. A number of factors may impact the design of
the heat transfer system 10; including, for example,
the temperature of the oxidant that is introduced into
the oxidant introduction zone 40, the temperature of
the process fluid that is introduced into the process
fluid zone 50, the desired temperature of the heated
process fluid and the composition of the fuel that is
introduced into the fuel introduction zone 26.Any
suitable fluid that is combustible in the presence of
an oxidant, such as oxygen or air, maybe used in the
operation of the heat transfer system 10. Examples of
such fuels include hydrogen and hydrocarbons. The
hydrocarbons that may be used as a fuel include those
hydrocarbons having from one to six carbon atoms,
including, methane, ethane, ethylene, propane,
propylene, propyne, butane, butylenes, and butyne.
Preferred fuels include those selected from the group
consisting of hydrogen, methane, ethane and mixtures
thereof. Steam may be added to the fuel to prevent or
inhibit formation of coke. The process fluids to be
heated by use of the heat transfer system 10 may be
any process fluid to be heated for any purpose.
However, the heat transfer system has particularly
beneficial application when used in the heating of
process fluids that are chemical reactant feedstock.
And, especially, the heat transfer system of the
invention has 



particular application in dehydrogenation processes
such as ethylbenzene dehydrogenation processes for the
manufacture of styrene. In such an application, the
process fluid to be heated using the heat transfer
system 10 comprises ethylbenzene. The process fluid
may further comprise steam, and it may further
comprise styrene and other typical components of a
dehydrogenation reactor feedstock. For the
dehydrogenation application, the process fluid
introduced into the process fluid zone 50 through
process fluid inlet end 52 typically has a temperature
in the range of from 260C(500F) to 704C(1300F), more
typically, from 315C(600F) to 677C(1250F), and, most
typically, from 427C(800F) to 649C(1200F). The typical
temperature increase of the process fluid heated by
use of the heat transfer system 10 may be in the range
of from 10C to 500C, but, more typically, the
temperature increase is in the range of from 50C to
4000C, and most typically, from 100C to 350C. One
example of the application of the heat transfer system
10 is in the use thereof to heat a dehydrogenation
process feedstock comprising ethylbenzene. In such an
application a plurality of individual units of the
heat transfer system 10 may be bundled together to
form a bundle. Each of the heat transfer system 10
units of the bundle may be designed to handle a
feedstock flow rate in the range of from about 800
kg/hr (1800 lbs/hr) to about 1450 kg/hr (3200 lbs/hr)
with the temperature of the introduced feedstock being
in the range of from about 500 C to about 600C and
with the increase in the feedstock temperature
provided by the heat transfer system 10 being in the
range of from about 500Cto about 150C. For this
design, the fuel tube 12 has a fuel tube length in the
range of from about 4.5 m (15 ft) to about 12.2 m (40
ft). The apertures 32 are spaced apart by a distance
in the range of from about 15 cm (0.5 ft) to about 6 1
cm (2 ft) along the entire length of the fuel tube 12
thus providing as few as 7 or 8 apertures to as many
as 80 or more apertures along the length of the fuel
tube. The apertures may also be oriented in each of
the respective radial planes at the 0 degree, 120
degree and 240 degree orientations. The diameter of
the apertures 32 may be in the range of from about 0.7
mm (0.03 inches) to about 5.1 mm (0.2 inches).
Preferred fuels are those selected from the group
consisting of hydrogen, methane, ethane, propane and
mixtures thereof. The fuel is introduced through 



fuel inlet end 20 into the fuel introduction zone 26
at a fuel flow rate in the range of from about 0.14
m3/min (5 scfhi) to about 1.1 m3/min (40 scfm). A
preferred oxidant is air, which is introduced through
oxidant introduction tube inlet end 42 into the
oxidant introduction zone 40 at a flow rate in the
range of from about 0.4 m3/min (15 scfm) to about 4.2
m3/min (150 scfm).C L A I M S 1. A process system,
comprising: a fuel tube having a fuel tube length and
a fuel tube wall that define a fuel introduction zone,
wherein said fuel tube includes a distal end and a
fuel inlet end for introducing a fuel into said fuel
introduction zone, and wherein along said fuel tube
length and through said tube wall is a plurality of
spaced apart apertures; a reaction tube having a
reaction tube length and that is positioned external
to and surrounding said fuel tube so as to thereby
define a combustion zone along said fuel tube length,
wherein said reaction tube has a reaction tube inlet
end for receiving a preheated oxidant into said
combustion zone and an exhaust end for discharging a
combustion exhaust from said combustion zone, and
wherein said plurality of spaced apart apertures
provide for fluid communication between said fuel
introduction zone and said combustion zone; an oxidant
introduction tube having an oxidant introduction tube
length and that is positioned external to and
surrounding said reaction tube so as to thereby define
an oxidant introduction zone along said reaction tube
length, wherein said oxidant introduction tube has an
oxidant introduction tube inlet end for introducing an
oxidant into said oxidant introduction zone and an
oxidant introduction tube outlet end for discharging
said preheated oxidant from said oxidant introduction
zone into said combustion zone through said oxidant
introduction tube outlet end which is in fluid
communication with said reaction tube inlet end, and
wherein said oxidant introduction zone is in heat
exchange relationship with said combustion zone; and a
process tube that is positioned external to and
surrounding said oxidant introduction tube so as to
thereby define a process fluid zone along said oxidant
introduction tube length of said oxidant introduction
tube, wherein said process tube has a process fluid
inlet end for 



introducing a process fluid into said process fluid
zone and a process fluid outlet end for discharging a
heated process fluid from said process fluid zone, and
wherein said process fluid zone is in heat exchange
relationship with said combustion zone. 2. A process
system as recited in claim 1, wherein said apertures
of said plurality of spaced apart apertures are spaced
along said fuel tube length and are sized so as to
provide for the introduction of increments of said
fuel into said preheated oxidant within saidcombustion
zone such that when said increments of said fuel are
mixed with said preheated oxidant a combustion mixture
is formed such that a combustion occurs that is not
limited by the rate of mixing. 3. A process system as
recited in any of claims 1-2, wherein the heat
exchange relationship between said oxidant
introduction zone and said combustion zone provides
for the heating of said oxidant to yield said
preheated oxidant. 4. A process system as recited in
any of claims 1-3, wherein said heat exchange
relationship between said process fluid zone and said
combustion zone provides for the heating of said
process fluid to yield said heated process fluid. 5. .
A process system as recited in any of claims 1-4,
wherein the heat exchange relationship between said
oxidant introduction zone and said combustion zone
further provides for a preheated oxidant temperature
of said preheated oxidant such that said combustion
mixture has a combustion mixture temperature exceeding
the auto-ignition temperature of said combustion
mixture. 6. A process system as recited in any of
claims 1-5, wherein said oxidant introduction zone is
further characterized by an oxidant introduction zone
geometry, wherein said fuel introduction zone is
further characterized by a fuel introduction geometry,
wherein said fuel introduction geometry and said
oxidant introduction zone geometry are such as to
provide for a fuel velocity and a preheated oxidant
velocity that prevent the formation of a flame during
said combustion. 7. A four-tube direct heating system
for combusting a fuel and direct heating of a process
fluid, said system comprises: in concentric
relationship, a fuel introduction zone, a combustion
zone, an oxidant introduction zone, and a process
fluid zone, wherein said fuel introduction zone is
defined 



by fuel introduction means for introducing fuel into
said combustion zone that is defined by a reaction
tube external to and surrounding said fuel
introduction means, and wherein said oxidant
introduction zone is defined by an oxidant
introduction tube external to and surrounding said
reaction tube, and wherein said process fluid zone is
defined by a process tube external to and surrounding
said oxidant tube. 8. A four-tube direct heating
system as recited in claim 7, wherein said fuel
introduction means includes a fuel tube having a fuel
tube length and a fuel tube wall that define said fuel
introduction zone, wherein said fuel tube includes a
distal end and a fuelinlet end for introducing a fuel
into said fuel introduction zone, and wherein along
said fuel tube length and through said tube wall is a
plurality of spaced apart apertures that provide for
fluid communication between said fuel introduction
zone and said combustion zone. 9. A four-tube direct
heating system as recited in any of claims 7-8,
wherein said reaction tube includes a reaction tube
length, a reaction tube inlet end for receiving a
preheated oxidant into said combustion zone, and an
exhaust end for discharging a combustion exhaust from
said combustion zone. 10. A four-tube direct heating
system as recited in any of claims 7-9, wherein said
oxidant introduction tube includes an oxidant
introduction tube length, an oxidant introduction tube
inlet end for introducing an oxidant into said oxidant
introduction zone and an oxidant introduction tube
outlet end for discharging said preheated oxidant from
said oxidant introduction zone into said combustion
zone through said oxidant introduction tube outlet end
which is in fluid communication with said reaction
tube inlet end, and wherein said oxidant introduction
zone is in heat exchange relationship with said
combustion zone. 11. A four-tube direct heating system
as recited in any of claims 7-10, wherein said process
tube includes a process fluid inlet end for
introducing a process fluid into said process fluid
zone and a process fluid outlet end for discharging a
heated process fluid from said process fluid zone, and
wherein said process fluid zone is in heat exchange
relationship with said combustion zone. 12. A method,
comprising: introducing a fuel into a fuel tube having
a fuel tube length and a fuel tube wall that define 



a fuel introduction zone, wherein said fuel tube
includes a distal end and a fuel inlet end for
introducing said fuel into said fuel introduction
zone, and wherein along said length and through said
tube wall is a plurality of spaced apart apertures;
introducing a preheated oxidant into a reaction tube
having a reaction tube length and that is positioned
external to and surrounding said fuel tube so as to
thereby define a combustion zone along said fuel tube
length, wherein said reaction tube has a reaction tube
inlet end for receiving said preheated oxidant into
said combustion zone and an exhaust end for
discharging a combustion exhaust from said combustion
zone, and wherein said plurality of spaced apart
apertures provide for fluid communication between said
fuel introduction zone and said combustion zone;
introducing an oxidant into an oxidant introduction
tube having an oxidant introduction tube length and
that is positioned external to and surrounding said
reaction tube so as to thereby define an oxidant
introduction zone along said reaction tube length,
wherein said oxidant introduction tube has an oxidant
introduction tube inlet end for introducing said
oxidant into said oxidant introduction zone and an
oxidant introduction tube outlet end for discharging
said preheated oxidant from said oxidant introduction
zone into said combustion zone through said oxidant
introduction tube outlet end which is in fluid
communication with said reaction tube inlet end, and
wherein said oxidant introduction zone is in heat
exchange relationship with said combustion zone;
introducing a process fluid into a process tube that
is positioned external to and surrounding said oxidant
introduction tube so as to thereby define a process
fluid zone along said oxidant introduction tube,
wherein said process tube has a process fluid inlet
end for introducing said process fluid into said
process fluid zone and a process fluid outlet end for
discharging a heated process fluid from said process
fluid zone, and wherein said process fluid zone is in
heat exchange relationship with said combustion zone;
discharging said heated process fluid from said
process fluid zone; and discharging said combustion
exhaust from said combustion zone. 


