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met hod. U.S. Patent Nos. 4,640,352 and 4, 886, 118 di scl ose conductive
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Low permeability formations include diatomites, lipid

coals, and oil shales. Formations of low permeability
are not amiable to secondary oil recovery methods such as
steam, carbon dioxide, or fire flooding. Flooding

10 materials tend to penetrate formations that have low
permeabilities preferentially through fractures. The
injected materials bypass most of the formation hydro-
carbons. In contrast, conductive heating does not
reguire fluid transport into the formation. Oil within

15 the formation is therefore not bypassed as in a flooding
process. When the temperature of a formation is
increased by conductive heating, vertical temperature
profiles will tend to be relatively uniform because
formations generally have relatively uniform thermal

20 conductivities and specific heats. Transportation of
hydrocarbons in a thermal conduction process is by
pressure drive, vaporization, and thermal expansion of
oil and water trapped within the pores of the formation
rock. Hydrocarbons migrate through small fractures

25 created by the expansion and vaporization of the oil and
water.

U.S. Patent No. 5,255,742 discloses a flameless
combustor useful for heating subterranean formations that
utilizes preheated fuel gas and/or combustion air wherein

30 the fuel gas is combined with the combustion air in
increments that are sufficiently small that flames are



25 created by the expansron and vaser=Farron \pf the oil and water.
o{-ustor useful for
heatlng subterranean for mat i ons |} pat ed fuel gas and/or

combusti on iraﬁggreln 30 tlhe—fweF=tas 15 conbined wi th the conbustion
air in incrgﬁ% ¥hat are sufficiently small that flames BFEEPIGNSTS
avoided. Creation of NJerr] is alnost elimnated, and cost of the heaters
can be significantly reduced because of -l®ss expensive mat eri al s of

construction. Preheating the fuel gas in accordance with the nethod
di scl osed in taveided. Cypatgonapf Nekeiembnosty eldminated, cahéd éastrati on
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start-up of the known heater is a,t onsum ng process because Tt nust

operate at. tenbePat SARRNSIYE, BAERE1ANE PR GOUETIRIOEN| | PEABERKIRY diha o of
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t hermal conbusii on apparatus orna i.on ated by
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fuel, but |essstamtr-up of the known heater is a time consuming process
because it must operate at temperatures above the
uncatalized autoignition temperature of the fuel gas
10 mixture. _
Catalytic combustors are also known. For example,
U.S. Patent No. 3,928,961 discloses a catalytically-sup-
ported thermal combustion apparatus wherein formation of
NOy is eliminated by combustion at temperatures above
15 auto-ignition temperatures of the fuel, but less than
those temperatures at which result in substantial
formation of oxides of nitrogen.
Metal surfaces coated with oxidation catalyst are
disclosed in, for example, U.S. Patent Nos. 5,355,668 and
20 . 4,065,917. These patents suggests catalytic coated
surfaces on components of a gas turbine engine. Said US
Patent 4,065,917 suggests use of catalytic coated
surfaces for start-up of the turbine, and suggests a mass
transfer control limited phase of the start-up operation.
25 It is therefore an object of the present invention to
provide a combustion method and apparatus which is
flameless, and does not require additives in a fuel gas
stream to prevent formation of coke. In another aspect
of the present invention, it is an object to provide a
30 combustion method and apparatus wherein formation of NOy
is minimal. It is also an object of the present
invention to provide a flameless combustor wherein fuel
and oxidant can be combined initially, and distribution
of combustion determined by distribution of catalytic
35 surfaces within a combustion chamber.
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the inlet; and
a catalyst surface within the combustion chamber
wherein the catalyst surface is effective to cause
10 oxidization of an amount of fuel wherein the oxidization
of the amount of fuel does not result in a temperature
above an uncatalyzed autoignition temperature of the fuel
and oxidant mixture.
The flameless combustor of the present invention
15 results in minimal production of nitrous oxides because
temperatures that would result from adiabatic combustion
of the fuel-oxidant mixture are avoided. Other measures
to remove or prevent the formation of nitrous oxides are
, therefore not required. Relatively even heat distribu-
20 tion over a large area and long lengths are possible, and
relatively inexpensive materials of construction for the
combustor of the present invention can be used because of
lower combustion temperatures.
Acceptable catalyst materials include noble metals,
25 semi-precious metals, and transition metal oxides.
Generally, known oxidation catalysts are useful in the
present invention. Mixtures of such metals or metal
oxides could also be useful.
The flameless combustor of the present invention is
30 particularly useful as a heat injector for heating
subterranean formations for recovery of hydrocarbons.
The catalytic surfaces also improve operability and
start-up operations of such heat injectors. The present
invention eliminates a need to transport fuels and
35 oxidants in separate conduits to the combustion zone in
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because invention comprises:

installing a combustion tubular which defines a
downhole combustion chamber in a wellbore within the
formation to be heated;

10 feeding fuel and oxidant to the chamber via an inlet;

inducing the fuel and oxidant mixture to flow along a
catalyst surface within the combustion chamber wherein
the catalyst surface is effective to cause oxidization of
an amount of fuel at such a rate that the average

15 temperature in the combustion chamber remains below the
uncatalyzed autoignition temperature of the fuel and
oxidant mixture; and

allowing combustion products to f£low to the surface
via a combustion product outlet conduit within the

20 wellbore.

Preferably the combustion chamber is defined by a
lower portion of a well casing and a plug near the bottom
of the well casing and the catalyst surface is provided
by a catalyst coating on the inner and/or outer surface

25 of a tubular which is co-axially suspended within the
well casing such that an axial spacing is maintained
between a lower end of the suspended tubular and the
plug.

It is also preferred that the suspended tubular is

30 used as a mixed fuel and air inlet conduit and the
annular space between the suspended tubular and the well
casing is used as a combustion product outlet conduit or
vice versa.

These and other features, objects and advantages of

35 the combustor and method according to the present
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heat injectors.ifMencioasults in significant cost
Generally, flameless combustion is accomplished by
preheating combustion air and fuel gas sufficiently that
10 when the two streams are combined the temperature of the

such

mixture exceeds the autoignition temperature of the
mixture, but to a temperature less than that which would
result in the oxidation upon mixing being limited by the
rate of mixing. Without a catalyst surface present,

15 preheating of the streams to a temperature between about
815 °C and about 1260 °C and then mixing the fuel gas
into the combustion air in relatively small increments
will result in flameless combustion.

With an effective catalytic surface present, the

20 temperature at which oxidation reactions occur in a
region affected by the catalytic surface is significantly
lowered. This reduced temperature is referred to herein
as a catalyzed autoignition temperature. In turbulent
flow, fluid in a boundary layer that contacts the

25 catalytic surface will be oxidized almost quantitatively,
but almost no oxidation will occur outside of the
boundary layer if the bulk temperatures remain below the
non-catalyzed autoignition temperatures of the mixture.
Thus, reaction in the temperature range between the

30 catalyzed autoignition temperature and the noncatalyzed
autoignition temperature is mass-transfer limited, at a
rate that is relatively independent of temperature. This
is suggested in references such as U.S. Patent
No. 4,065,917. This mass transfer limited reaction

35 mechanism is utilized in the present invention to control



savings. In accordance with the invention there is also provided a nethod
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axi al spacing js,f@i ntained between a | ower end of the suspended tubul ar
and the The heater of the present invention can be controlled

by such variables as fuel-oxidant ratio, fuel-oxidant

10 flowrate. Depending on the particular application, the
heat load may be subject to controls.

An important feature of the flameless combustor of
the present invention is that heat is removed along the
axis of the combustion chamber soc that a temperature is

15 maintained that is significantly below the adiabatic
combustion temperature. This almost eliminates formation
6f NOxs, and also significantly reduces metallurgical
requirements resulting in a relatively inexpensive
combustor.

20 Referring to FIG. 1, a combustor within a heat
injection well capable of carrying out the present
invention is shown. A formation to be heated, 1, is below
an overburden, 2. A wellbore, 3, extends through the
overburden and to a position that is preferably near the

25 bottom of the formation to be heated. A vertical well is
shown, but the wellbore could be deviated or horizontal.
Horizontal heat injector wells may be provided in
formations that fracture horizontally to recover
hydrocarbons by a parallel drive process. Shallow oil

30 shale formations are examples of formations where -
horizontal heaters may be useful. Horizontal heaters may
also be effectively used when thin layers are to be
heated to limit heat loss to overburden and base rock.

In the embodiment shown in Figure 1, the wellbore is
35 cased with a casing, 4. The lower portion of the wellbore
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{(not shown) to the lower portion of the wellbore.

High temperature cements suitable for cementing
casing and conduits within the high temperature portions

10 of the wellbore are available. Examples are disclosed in
U.S. Patent Nos. 3,507,332 and 3,180,748. Alumina
contents above about 50 percent by weight based on
cements slurry solids are preferred.

In shallow formations, it may be advantageous to

- 15 hammer-drill the heater directly into the formation.
When the heater is hammer-drilled directly into the
formation, cementing of the heater in the formation may
not be required, but an upper portion of the heater may
be cemented to prevent fluid loss to the surface.

20 Choice of a diameter of the casing, 4, in the
embodiment of FIG. 1 is a trade-off between the expense
cf the casing, and the rate at which heat may be
transferred into the formation. The casing, due to the
metallurgy required, is generally the most expensive

25 component of the injection well. The heat that can be
transferred into the formation increases significantly
with increasing casing diameter. A casing of between
about 10 and about 20 cm in internal diameter will
typically provide an optimum trade-off between initial

30 cost and capability to transfer heat from the wellbore.

A cement plug 23 is shown at the bottom of the
casing, the cement plug being forced down the casing
during the cementing operation to force cement out the
bottom of the casing.



15 . preheating of the streans to a tenperature between about 815 [err]C
and about 1260 [err]C and then m xing the fuel gas into the conbustion air

inrelatively small increments will result in flanmeless conbustion. Wth an
effective cat aI9¥t|c surface present, the 20 tenperature _at which
oxi dati on r e¥CEPMI® occur in a region affected by the cat aPfTEE%®3¥ace is

significantly lowered. This reduced tenperature is referred to herein as a
catal yzed autoignition tenperature. In tugbulent flow, fluid in a boundary
| ayer that contacts the 25 catalytic surface will be oxidized al nost

quantitatively, butatdImsi giuxfaxiedaloosraiprowidsd vﬂ.ltltﬁhd&h@f the boundary
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PCT/ EP96/ 0575443 Beribution of heat release within the combustion
chamber. The catalyst surfaces are sized to accomplish a
nearly even temperature distribution along the casing. A
10 nearly even temperature profile within the casing results
'in more uniform heat distribution within the formation to
‘be heated. A nearly uniform heat distribution within the
formation will result in more efficient utilization of
heat in a conductive heating hydrocarbon recovery
15 process. A more even témperature profile will also
result in the lower maximum temperatures for the same
heat release. Because the materials of construction of
the burner and well system dictate the maximum temper-
atures, even temperature profiles will increase the heat
20 release possible for the same materials of construction.
As the combustion products rise in the wellbore above
the formation being heatéd, heat is exchanged between the
combustion air and the fuel gas travelling down the flow
conduits and the rising combustion products. This heat
25 exchange not only conserves energy, but permits the
desirable flameless combustion of the present invention.
The fuel gas and the combustion air are preheated as they
travel down the respective flow conduits sufficiently
that the mixture of the two streams at the ultimate
30 mixing point is at a temperature above the catalyzed
autoignition temperature of the mixture, but below the
noncatalyzed autoignition temperature. Combustion on the
catalyst surface and flameless combustion within boundary
layers adjacent to effective catalyst surfaces results,
35 avoiding a flame as a radiant heat source. Heat is



di stribution of heat generation within the conbustion chanber of the

fl amel ess conbustor. Heat gener at ijjoDh can be bal anced so

t hat "t he average strean1tenperatuJe'3§$HﬁfﬁHA$BEQN| ant, fuel, and
conbustion 5 ,ﬁg gducts remai n \/\Eéﬂl-‘bﬂ?@cat alfyzed aut

tenperature angt noncat al yzed aut o1 gni - -- ature. The heater of
the present invention can be controlled by such variabl es as fuel -oxi dant
rati o, fuel-oxidant 10 flowwate Depefdfng on the partlcular
appl.ication, the heat _| oad may be ect 0 ture
of the flamelesst gﬁﬁﬁﬁg’f%rt‘fﬁ %éf gﬁf“ {:ﬁ?/e%%%f? %8s lt“hﬁfl %g&ai ved
al ong the axis oﬁniﬁermoﬁashiamnn chanber so that a tenperature s 15

mai ntained that is sggnif )ﬁﬁégz.lt)énl&ehﬁwth@eoﬁélf&bﬁd GCaTBabhefor of

tenperature. This alrmst el I'm nates fornmat]on of and Iso
significantly relbeeBragent iR RO EhaF  BRRhRe %’lﬂvt%dnﬁ 'Fel atively

I nexpensi & conbgsiblist 26n chamber aRehgr thagléngth Gf rheacombbasiqn within

a heat injection Uk g t {?gyﬂkl
shown. A fornati Sﬁg{"h ge h%]l eu% a%%rh}éh@gogwagn%er urd enlw‘.gﬁﬂeﬂ T"Eore
3, extends throughvehibareratdniassore Repbstt i brAnsiarred ﬁPeFE?ably near

=N e e e R
CA Ul AT

the 25 bot t gBrMatioR Absumd ivlie wellbokeat eThe Heatmr iofakheepkesent
shown, but the W;“.lnlvgg § EO}_JJ)&']_(? ea]fL%V 'b%t %gear ino&lzﬁé)f'taﬁiplications, such
10 as steam generation and chemical industry process heaters

and reactors.

Fuel gas and combustion air transported to the bottom
of the wellbore through a mixed fuel and oxidant supply
which is shown as an annular volume surrounding the

15 combustion product conduit. The mixed fuel and air react
within the wellbore volume adjacent to the catalyst
surfaces 14'forming combustion products. The combustion
products travel up the wellbore and out an exhaust vent
(not shown) at the wellhead through the combustion

20 product conduit 10. From the exhaust vent, the
combustion products may be routed to atmosphere through
an exhaust stack (not shown). 2alternatively, the
combustion gases may be treated to remove pollutants,
although nitrous oxides would not be present and would

25 not therefore need to be removed. Additional energy
recovery from the combustion products by an expander
turbine or heat exchanger may also be desirable.

Preheating of the fuel gases to obtain flameless
combustion without a catalyst would result in significant

30 generation of carbon unless a carbon formation
suppressant is included in the fuel gas stream. The need
to provide such a carbon formation suppressant is
therefore avoided by operating the heater at a
temperature that is less than the carbon formation

35 temperature. This is another significant advantage of
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based on ignition may be accomplished by injecting pyrophoric

material, an electrical igniter, a spark igniter,
temporally lowering an igniter into the wellbore, or an

10 electrical resistance heater. The burner is preferably
rapidly brought to a temperature at which a flameless
combustion is sustained to minimize the time period at
which a flame exists within the wellbore. The rate of
heating up the burner will typically be limited by the

15 thermal gradients the burner can tolerate.

The combustion mixture conduit can be utilized as a
resistance heater to bring the combustor up to an
operating temperature. To utilize this conduit as a
registance heater, an electrical lead 15 can be connected

20 with a clamp 16 or other connection to the combustion
mixture conduit 10 near the wellhead below an
electrically insulating coupling to supply electrical
energy. Electrical ground can be provided near the
bottom of the borehole with one or more electrically

25 conducting centralizers 17 around the combustion mixture
conduit 10. Centralizers on the combustion mixture
conduit above the electrically grounding centralizers are
electrically insulating centralizers. Sufficient heat is
preferably applied to result in the combustion mixture

30 being, at the location of the initial catalyst surface,
at a temperature that is above the catalyzed autoignition
temperature but below the noncatalyzed auto ignition
temperature.

Thickness of the combustion mixture conduit can be

35 varied to result is release of heat at preselected
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I cal
provi de an opti n’ﬁﬁ”?%t’ﬁ% ’tﬂ‘ P”&@Fmé@n‘gﬁ?'?? a‘l"h%d"lxed QEBSFtﬁﬁ%EC%tpéﬁ{el ity to
transfer Iseat f rhﬂghdmt vm:bxidlmta*atAoneuﬁnf.ugl LA tios bultpwnhat fudile bott om of

the casing, the g §5L QsBQfﬁf-Q ﬁ&y{ea %&@&bnahﬂaﬁgﬂ%we
cenenti ng oper at I on tO orce cC n'ent out t tomof "the casin
97/ 24510 wellbore. Thin section 21 is s owq:ﬁqugglggngs ion

mixture conduit to provide a surface of elevated
temperature for start-up of the combustor.

10 Oxidation reaction temperature of the fuel
gas-oxidant mixture is lowered by provision of a noble
metal surface, or another effective catalyst surface.
Catalytic surface is preferably provided on the either
the inside, outside, or both inside and outside surface

15 of the combustion products conduit 10. Alternatively, a
surface, or a tubular or other noble metal containing
~surface, could be separately placed within the combustion
chamber. Other noble metal coated surfaces could be
provided, for example, in the combustion product annulus .

20 outside of the combustion gas conduit. This additional
catalyst surface could ensure that complete combustion
occurred within the wellbore, where generation of heat is
desired.

Start-up of the flameless combustor of the present

25 invention can be further enhanced by provision of
supplemental oxidants during the start-up phase, or by
use of a fuel that has a lower autoignition temperature
such as hydrogen. Preferred supplemental oxidants
include supplemental oxygen and nitrous oxide. Hydrogen

30 could be provided along with a natural gas stream, and
could be provided as shift gas, with carbon monoxide
present and carbon dioxide present.

Start-up oxidants and/or fuels are preferably only
used until the combustor has been heated to a temperature

35 sufficient to enable operation with methane (natural gas)



-8- Catal yst surfaces 20 are provijfet=methin: «Lonbusti on chanber 14 to
provide a |imted regi on wherein t X B T Tenperature is
| owered. Distribution of these cat coating 5

whi ch cove ast part of the InneFanyc surf ower
portion of w(ﬁg}nc‘lt')ﬁdwt 10 provi de=for distrib t|on of heafﬁﬁgfgg'g%'g‘withi n
t he conbustion chanber. The catal yst surfaces age sized to acconplish a

nearly even tenperature distribution atohd the casing. A 10 nearly

even tenperature profile within the casij results in nore uniform heat
di stribution \#% H4el 89 Bikads oHRe cP’b’éiad'g?at(éde A hbarcgmbpgtan haseat
di stribution wddted tthe af cenpérature |dbdwes e cataDyee)f dhdiftitaldd i zation

of heat in a qggg#&%tﬂgehgﬁtbggh$%g an recovery 15 process. A

nore even te ure pro so ¥eésult in the | ower maximum
t enper at ur es for Ufe P&RBLHBa25D cTEb tisHaseds using amtelectinianl

construstion Oifeéﬁ&alﬂd:l’enﬁﬁ.cﬁaﬂeVﬁéétéﬂai&@éiie&h&éehége FEX | SAPL-pPer -
atures, even t$§?€§§ﬁ§&%§Fgroflle &MII ngg §§e tgg { %;ﬁﬂﬁﬁ release )
possi bl e for t FPEIE %%?E‘tr SRR e?ﬁ% & %8 products
ri se in the wasdbdree usiedvént bhe fpragitics dfeithe bpresent imedntimmexchanged

bet ween the conbugigiie abta?8lsidie atyeﬁam%alhalasel %wglﬂﬂﬂm dde flow
conduits and the r|5|n conbuEﬁiogmgro t Thi s exchange not
t

only conservePTHsPRECIGHE P8 or transitién metal can
10 be coated, preferably by electroplating, onto a surface

within the combustion chamber to enhance oxidation of the
fuel at lower temperatures. The metal could then be
oxidized as necessary to provide a catalytically
effective surface. B8uch catalytic surface has been found
15 to be extremely effective in promoting oxidation of
methane in air at temperatures as low as 260 °C. This
reaction rapidly occurs on the catalytic surface and in
the adjacent boundary layer. An advantage of having a
significant catalytic surface within the combustion
20 chamber is that the temperature range within which the
flameless combustor can operate can be significantly
increased.
EXAMPLES _
A thermal reactor was used to establigh temperatures
25 at which oxidation reactions would occur with wvarious
combinations of fuels, oxidants and catalyst surfaces.
The reactor was a 2.54 cm stainless steel pipe wrapped
with an electrical resistance heating coil, and covered
with insulation. A thermocouple for temperature control
30 was placed underneath the insulation adjacent to the
outer surface of the pipe. Thermocouples were also
provided inside the pipe at the inlet, at the middle, and
at the outlet. Test ribbons of noble metals or stainless
steel strips with noble metal coatings were hung in the
35 pipe to test catalytic activity. Air preheated to a



desirabl e fl anel ess conbustion of the present invention. The fuel gas and

the conbustion air are preheated as they travel

down the respective flow

conduits sufficiently that the m xture of the two streans at the ultinate
30 m Xin is at a tenperature above the catal yzegceiipoddisst i on
t enperature o oﬁﬁégﬁxture

tenperature. Conbustion on the catalyst surface and flanmel ess conbustion
wi t hi n boundary | ayers adjacent to effectﬂme-catalyst surfaces results,

but bel ow t he noncatal yzed autoignition

avoiding a flane as a radi ant heat source. -9- theref

transferred frovemperabhrefemewhasn bedounthg @%k}’rﬁ# &empﬁééﬁi“aﬁ of  the

i nportant in th%e@&ef»abl Qﬁj@étéﬁ dordousher eDéct Picgllas driatiedy €eskon t hat

heat be renoved

35

f onb
conbust i on charri?&rc 1PH f’ﬁetké?)rff]r geat | %ﬁ 8?9%?%@?;%) Seexﬁ{é@g;\ptgrr}?l%%@gwa?f the

wel | bore heat i njesditstrncheheater maghyeaicddunbll Hhg slafdssh around t he
%%Trﬁerai:ui:éelﬂrﬁﬁé%rﬁedtn‘éeethaﬁ ﬁ@slldbwdm&)med i n ot her

appllcatlons such
process heat ers Sh5¢ e&&f‘ﬁ?s aﬁ’:d'gef%@ 2d %glnceégg . g‘%ggg%gled to

wel | bor e. The h

the bottom

10

15

20

25

inside the pipe, was achleved Fuel was then injected
through a mixing tee into the stream of preheated air and
allowed to flow into the electrically heated test
section. Four platinum ribbons one eighth of an inch
wide and about sixteen inches long or a stainless steal
strip three eighths of an inch wide and about one
sixteenth of an inch thick and about sixteen inches long
coated on both sides with either platinum or palladium
were suspended within the pipe to test catalytic
activity. When the test section contained a catalyst

coated strep or ribbon. of noble metal and was at or above

the catalyzed autoignition temperature, the addition of
fuel caused a temperature increase at the inside middle
and outlet thermocouples. Below the catalyzed auto-
ignition temperature, such a temperature was not
observed. When no catalytic coated strips or noble metal
ribbons were present, the test section had to be heated
to the autoignition temperature of the fuel before a
temperature increase was observed. The non-catalyzed and
cétalyzed autoignition temperatures as measured are
summarized in the TABLE, with the measured non-catalyzed
or catalyzed autocignition temperature referred to as the
measured autoignition temperature.

REPLACED
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of the wellbore t hrough a m xed fuel and oxidant supply (22) which is shown
as an annul ar volune surrounding the 15

The ‘m xed f

uel

and air

conbustion product conduit.

catal yst surfaces 14 form ng conmbustion products.
travel up tWORMMSHbre and out an exhaust vent (not shown) PSTEPSROSTHM|
t hrough the conbustion 20

t he combustion products may be routed to gjnpsphere through an exhaust

product conduit 10.

react within the well bore vol une adjacent to the

The conbusti on products

| head

From t he exhaust vent,

stack (not shown). Alternatively, the conbustion gases nmay be treated to
renmove pol lutants, although nitrous oxidegumoul d not be present and woul d
25 not therefore need to be renoved. Additional energy recovery from
t he conbustg i =hedl..oxchangar ony al so
be desir abljéFUERr ehe at MERSURED h¢ AEReFLQUYeRURIo obt hROCEL anel ¢ CATADNBWSE | on
wi t hout a dat al yst Jesul { ghogsi gniffdgignt 30| g oF efation of garbon
unl ess a cqrbon for upp esiant i 4, ncludedtin the u¢l gas strjam
The need tq provide ST Rhr bGR/MEN natfi P I p¥QkHt is fherefore
avoi ded by goperating TEMP heeal ef at a te tae fhat is legs than the
carbon for [P GAs [ 788 Lcnpelggyre. W d 5 anptrner srgmfTcant
advant age
Inar. @as | 732 380 2.6 N20/21

NAT. GAS | 677 380 2.6 02/40

DIMETHYL | 510 380 2.6

ETHER

DIMETHYL | 316 380 2.6 NoO/21

ETHER

Hp 659 380 13

Hp 49 380 13 Pt

66.6%Hy | 676 380 13

33.3%Co

66.6%Hy 213 380 13 Pt

33.3%CO )

66 .6%Hy 211 380 13 NoO/44.7 Pt

33.3%CO

66.6%Hy | 149 0 13 380CC/MIN | Pt

33.3%C0 100% N,O

Methane {310 380 13 - Pd

Hy 149 380 13 - pd

66.6%Hy | 154 380 13 - pd

33.3%C0
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the present invention because the carbon suppressant increases the vol une
of gases to be passed through the heater and therefore increases the size

of conduits rﬁ,%g' Cold start-up of a well heaicareroénstriac
present inven n may ut|I|ze conbustion with a flame. Initial ignition may

be acconplished by injecting pyrophoric material, an electrical igniter, a
spark igniter, tenporally |owering an igmwkﬁ sinto the wellbore, or an 10

el ectrical resistance heater The bur ner r ef bl i dly_br.o ht to
a tenperature at whi EKOB Fh%ﬁ§¥§§§’€bﬁﬁﬁsp?oﬁg#% éhéhaﬁ&%gy) ﬁf ﬁz# °t he
time period at wWhheh f&eﬂ.l aﬁﬁem(lgat&umy redutls thaé Iﬂmsnre‘ﬁﬂ@mlt@ttﬁnbthn
heating up the bqﬁﬁﬁfgg» tgp|§ﬁg J%%rkb”‘tﬁdréﬂéﬁr“iﬁﬁius1on biger mal

€ CO

gradi ents the bur B Br ustion m xture _conduit
utilized as a rediysireger héa@eﬁuﬁk)%ﬂqlﬂieﬁﬁécﬁoﬂﬁuﬁk?wcﬁﬁ?%XF%EnsBﬁg?S?lng

tenperaturg. To Whidd &8 hﬂfﬁc&ﬁmm&uiedutes tRei dyaanic heterigndtiohect ri cal
| ead 15 can be connecteg 9 with a clanmp 16 or other connection to the
conbustion ni xt urE®SHATFPESI0 near the wel | head bel ow an electrically

i nsul ating coupling Ro3s0#pl R ORI i4eStalcOBREPEPT WRBUIIEHC FeSinECan be
provided near theplit@Moel chiez bog ehpleatitor fica0di s inelerY icombabkyr

application. A 2.54 cm outer diameter fuel gas line was

10 provided within a 5.08 cm internal diameter combustion
line. The fuel injection line provided a conduit for
fuel to a fuel injection port located near an inlet end
of the combustion line. The 5.08 cm internal diameter
combustion line was placed within an insulated pipe, and

1s thermocouples were placed along the fuel supply line.
Two different combustion lines were utilized. One
combustion line was fabricated from a strip of "HAYNES
120" alloy. The strip was electro brush plated on one
side with palladium to an average thickness of

20 0.000254 cm. The strip was then break formed, swedged and
welded into a 3.048 m long pipe with the palladium
coating on the inside surface. The other combustion line
was a standard 7.62 cm pipe of "HAYNES 120" alloy. A
"MAXON" burner was used to supply combustion gases to the

25 3.048 m long combustion pipe, and varying amounts of air
and/or other additives are mixed with the exhaust from
the "MAXON' burner in a mixing section between the burner
and the combustion line. To maintain a uniform
temperature within the combustion line, three electric

30 heaters, each with its own controller, were placed
outside and along the length of the combustion line.

A series of tests were run, one with the palladium
coated combustion line and one with the combustion line
that was not palladium coated. Fuel gas was injected

35 through the fuel gas injection port at a rate, when



25 conducting centralizers 17 around the conbustion m xture conduit
10. Centralizers on the conbustion m xture conduit above the electrically
grounding centralizers are electrically insulating centralizers. Sufficient

heat is prﬁhgﬁﬁgé-applied to result in the conbustion nh§&

bei ng, ?tion of the initial catal yst surface, dt ﬁ&ﬁﬂﬁﬁgﬁature
that is above the catal yzed autoignition tenperature but bel ow the
noncat al yzed auto ignition tenperature.iélhi ckness of the conbustion m xture

conduit can be 35 varied to result is release of heat at preselected
WO 97/ 24510 measured at a temperature of 15.5 °C aﬂ&?ﬁﬂﬂ&ﬁ&b&ﬁﬁé#xe 11 -

segnents of thedsarat hoﬁfaﬁ&ﬁ:foﬁdw?@lﬂg!lbhr,':%dewml heat

I
i nj ector appllcatlon e desira el ectr y heat tt
| over nost porti€ofaBE ERB ﬁk¥# hgrm?é nour % a3 WdSxed gas stream

at the 5 injeghed: toebedingtthen boirnkrehir aamtl tehed werondarfuairbefore -
exhauss 935S gholb PASSedadarks Y a«}ga@ugeotéﬁevmdim } B188 cyion 21 is
stion m xture surrace .

shown 1n the co urt to provi o el evat ed
t enper at ur e F@F%FaF?“‘B%r%‘Fu’f‘he“c&%éP&Ft 9§ the combushipmading-reaction
t enper at ur e werckatigel of the injected methane that was burned is

shown as a function of the combustion line inlet
temperature in FIG. 2 for catalyzed configuration

10 (line A) and noncatalyzed configuration {line B). From
FIG. 2 it can be seen that at the lowest temperatures at
which the apparatus can be operated is about 260 °C, 55%
of the methane was oxidized with the palladium coated
combustion line. The lowest temperature of operation

15 might be somewhat below 260 °C but the equipment
available was not capable of operation ét a lower
temperature. When the combustion line without the
palladium coating was used, some oxidation of methane
occurred at about 704 °C, and oxidation of methane occurs

20 rapidly at temperatures of about 816 °C. At temperatures
of 871 °C and above, the presence of the palladium
surface has no effect because oxidation of methane is
rapid and complete either with or without the palladium
surface.

25 The temperature independence of the methane oxidized
below 704 °C tends to verify that the methane within the
boundary layer at the surface of the palladium surface
oxidizes rapidly, and that transportation of methane to
this boundary layer, and not kinetics, dictates the

30 extent to which methane is oxidized. At temperatures of
about 704 °C and greater, thermal oxidation becomes
prevalent, and a temperature dependence is due to this
thermal oxidation.



gas- OX|dant m xture is | owered by provision of a noble netal ﬂ
anot her effective catal yst surface Cat alytic surface is pre““lmm HII“) ||I “ |III
provi'ded on the either the insidf; denar_both inside and obitsidd *°
surface 15 /10. Al t epcypivorBeTys 2

surface, or a tJ@hlar or ot her ing surface, could be

' -—Qlher nobl e netal coated
surfaces coul d be provided, for exanple, _ 'f7the conmbusti on product annul us
20 out si de of the conbustion gas conduit. This additional cat al yst
surface could ensure that conplete conbustion occurred within the wellbore,
where generation of heat is desired. Start-up of the flanel ess conbustor of

the present 25 i nvention can be furdt her. anced by provision of
suppl ement al oxidants during the start= S€, or by use of a fuel that
has a”l ower autoignition tenperature such as hydrogen. Preferred

suppl ement al oxigantss f1aneldssSGRbESER For0¥iBisaDen Nbf rH URuiXiadd
Hydr ogen 30 th a _natural gas stream and

be provid al o
coul d be prOVIdéﬂF%é?4§1 gaﬁg ﬁﬁ? OHﬂgﬁmfraglggésent and carbon
di oxi de present. Stamt c@p\bgstdant@lamﬁronﬁ Fommunicapreh eritih yarprinletsed

until the conbusiff Jizh ReeBmBEaE £6n IPrsnitmeRtakyLe 35 sufficient to

enabl e operatlon mnthnggégagueingﬁ oxléLnQ supply in communication with

the inlet; and

a catalyst surface within the combustion chamber
wherein the catalyst surface is effective to cause
oxidization of an amount of fuel wherein the oxidization

10 of the amount of fuel does not result in a temperature
above an uncatalyzed autoignition temperature of the fuel
and oxidant mixture.

2. The combustor of claim 1 wherein the catalyst surface
comprises a component selected from the group consisting

15 of noble metals, semi-precious metals, transition metal
oxides and mixtures thereof.

3. The combustor of claim 1 wherein the catalyst surface
comprises palladium.
4. The combustor of claim 1 wherein the catalyst surface

20 comprises platinum.

5. The combustor of claim 1 further comprising a preheat
section wherein in the preheat section heat can be
exchanged between the fuel and oxidant mixture and the
combustion products. _

25 6. The combustor of any preceding claim wherein the
combustor is designed for heating a subterranean
formation by combustion of a fuel and oxidant mixture,
and the combustion chamber is defined by at least one
combustion tubular which is located in a wellbore within

30 the formation to be heated.
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fuel and air as the oxidant (i.e.]
t enper at ure above the catalyzed a.

air). US patent 5,255,742 dlsclosed UST Ng—ar—ete
ni crone heat&oﬂéﬁ;}@nerate heat for start-up of the flamel cRETERISBYIS or .
Such an el ectrical heater may be used in the practice of the present

Nobl e netal s such as palladiunor_platinum or seni-precious
nmetal, base netal or transition netal can 10

el ect ropl ati ng,7 .ontrheacsubhgesr B HW1aihe c:ﬁabeﬁxl e Céwal%ct Quephaace
oxi dati on of the fuel

ehat un
oxi di zed as neég§?aﬁy ls%rbv?%% a caF%ﬁ§$ec§PW€u§€¥%%t? fQce. Such
catal yti c surf zesulisibean ¢ssertiElly consgapt benperatyrefwWisitiny ehen

pronoting oxi daidnsehoftERamsed N air at tenperatures as low as 260 [err]C
tion raplqgé occurs_on t c talyt
Vv

SRPRYRE ¥ ™, S WERFEIR A e(ﬁﬂ@ﬂﬁﬁﬁ%?“surface
within the confohsmber 28 defmedhdmubeme ort maret hebukapepipes @laede Wt hin

whi ch the flamgliessnCeRRUSEPinSAD, operate can be significantly increased.
| 9. The combustor of claim 6 further comprising a

combustion gas ocutlet wherein the combustion gas outlet

is an annular space surrounding the combustion tubular.

10. The combustor of claim 6 further comprising a

combustion gas outlet wherein the combustion gas outlet

" is a tubular within the combustion chamber.

11. The combustor of claim 6 wherein the combustion

chamber comprises an annular volume between a tubular and

i nventi on.
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35

Iayer

a casing.

c surf

e heat 23’ HEETATIH) ) IlILﬁﬁIII

at ure of n&thane i
ffcal 5 resi st ance

be coated, preferably by

t al oul.d then be

ce and in the adjacent

12. The combustor of c¢laim 11 whereln the tubular is a
conduit for return of combustion products tc a wellhead.
13. The combustor of claim 6 wherein the tubular is a
conduit containing another portion of the combustion

chamber.

14. The combustor of any preceding claim wherein the
catalyst surface is provided by a catalyst coating which
covers at least part of the inner and/or outer surface of
a tubular within the combustion chamber.

15. The combustor of any preceding claim wherein the
inlet is located at one end of the combustion chamber and
the outlet is located at the other end of the combustion

chamber.

16. A method of heating a subterranean formation by

flameless combustion, the method comprising:

ingtalling a combustion tubular which defines a
downhole combustion chamber in a wellbore within the

formation to be heated;

feeding fuel and oxidant to the chamber via an inlet;

* This Sheet Has Been Replaced




EXAMPLES A thermal reactor was ed to establlsh tenperaturesHﬂﬁ

whi ch oxi dati on reacti ons woul d R IS_ conbi natio wmlulmaulll " l“l 3
oxi dants and catal yst surfaces. .54 cm stai fil eSs ‘steel s *
pi pe wrapped w*ég7 electrlcal ~"a;_~____lﬁ?at|no coil, andp Eﬂ%ﬁkﬁgﬁwﬂth

I nsul ation. A ouple for tenperature- ol 30 was pl ace

underneath the insulation adjacent to the outer surface of the pipe.

Ther nocoupl es were al so provi ded inside theopipe at the inlet, at the

m ddl e, and at the outlet. Test ribbons of noble netals or stainl ess steel
strips with nobl e netrducicgt thesfuel cardimexidanthaissure to pflnew talonss®|

catal ytic activityraly¥td SHr@aeal @dchnache c&&udt&%ebﬁﬁﬂfzér&&m}&i bel ow
t he desired tenperature of t into the elictrl

oo ot est SorPEhe et s TRk L8 e R £ bophE e AR ot
resi stance heat eanwamsowel iofd fueili htt flach a rateiddiategheeaperageire in the

test sectison wasy e%fa&ﬁfi:ea'l‘i’l fnat abust fhe, cW%EﬁtSﬁnQYbéftﬁu the

t her nocoupl es nount | nSi e, was achieved. Fuel s, t I nj ected
hrough s i xi NGUREREANAPA RUCOLEBARIOR ERENERIG S SRR Veb 1o 11 ov

into the el ectricfidant mixture; and
allowing combustion products to flow to the surface

via a combustion product outlet conduit within the

10 wellbore.
17. The method of claim 16 wherein the combustion chamber
is defined by a lower portion of a well casing and a plug
near the bottom of the well casing and the catalyst
surface is provided by a catalyst coating on the inner

15 and/or outer surface of a tubular which is co-axially
suspended within the well casing such that an axial
spacing is maintained between a lower end of the
suspended tubular and the plug.
18. The method of claim 17 wherein the suspended tubular

20 is used as a mixed fuel and air inlet conduit and the
annular space between the tubular and the well casing is
used as a combustion product outlet conduit or vice

versa.
19. The method of claim 16, 17 or 18 wherein the method
25 is used for heating a subterranean oil shale formation of

low permeability.

- This Sheet Has Been Replaced

LU III




10 heated test section. Four platinumribbons one eighth of an inch
(=0.32 cm) wi de and about sixteen inches {=,40 cm long or a stainless
steal strip three eighths of an inch (= 0.95 cm) w de and about one

si xteent h of gy (= 0.16 cnm thick and about sixteen ipaimee6dsIss (=
40 cm) long coated on both sides with either platinumor palladiumwere
suspended within the pipe to test catalytic activity. Wien the test section
contai ned a catalyst coated strep or ribbon of noble nmetal and was at or
above the catal yzed autoignition 20 tenperature, the addition of fuel
caused a tenperature increase at th liZsi de m ddl e and outl et

t hernocoupl es. Bel ow the catal yzed atutoignition tenperature, such a
tenperature was not observed. When no catalytic coated strips or noble

metal ribbons were present, the test 25 section had to be heated to
the autoignition tenp e Oof the fuel before a tenperature increase was
observed. The non-cat . d catal yzed autoignition tenperatures as
nmeasured are sunmarized 1n the TABLE, with the nmeasured non-catal yzed or
catal yzed 30 autoignition tenpergture refesJ§d to as the nmeasured
autoignition tenperature. WO 16
PCT/ EP96/ 05754 oy °
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- 14 - TABLE FUEL MEASURED AR FLOW FUEL ACCEL. CATALYST

AUTO-. RATE CONC. %OF ARIGNTION CIMN  %OF AIR
VOL% TEMP. C VOL. % NAT. GAS 788 380 10.5 NAT.
GAS 732 T 2.6 N[ err] O 21 NAT. GAS 380
2.6 - g err] 740" DI METHYL 510 380 2.6 E?'@E’B?’WE‘HYL 316
380 2.6 N[ err] O 21 ETHER H2 659 380 13 H2
49 380 13 ' Pt 66.6%err] 676
380 13 33.39%0 66. 6% err] 213 380 13
Pt 33.39%0 66.6%err] 211 13 N20/ 44.7 Pt
33.3%00 66. 6% err] 149 Q/f) 13 380CC/ M N Pt
33. 3%CO 100% N[ err] O Met hane 310
380 13 - Pd H2 149 380 13
Pd 66. 6% err]m_ 154 380 3 - P&

- o

871

760

649

538
—— T (°C)

427

316

90
204

O © O .
®© ~N 0 u°~, 3 2 2 S o
~— Y,

100

SUBSTITUTE SHEET {RULE 26)



33. 3%0 WO 97/ 24510 : . S a PCT/ EP96/ 05754
- 15 - Fromthe TABLE it can be seen that addition of N20 to the fuel
stream greatly reduces the neasured autﬁianTtion tenperature of the

m xtures. Further, inclusion of hydrogen as a fuel and presence of ‘the
catal ytic surézcéded. Cralatdon gpfi NOzaritd v lmedhic esl ininatygthniand cost
auto-ignition_te r e A3 948 m ] Qr t -0 ed Lo test.
the results oPEt'IElg%Z.ﬁé%rt%%sr l_e%gc %ﬁé isrrlfdéﬁ | scEar ﬁ:t;ﬁ‘tc.(e;?dé(f)érﬁ)%s%l%éra%%%l?%at i on.
A 2.54 cm out desdi axpeas ifieec magaesilalize ofacohd tructipmyi dackhved thimg atlbe 08

cminternal diianeter conbustiaon |ine. .The fuel injecti.on line, provided a
~conduit for ftggﬁt g5 file PECRTEEAEN }1’]{ tlhc?cé‘{eé:g'léﬁg SHILIRNPHT the
contﬁusﬁt ion i psleiofhari. Q&f@msmieemaql rdisailed dmn Q:(lmw&idzsmat%idle .tmi?eﬂ; aCﬁd
within an insylated pipe, and 15 t her mocoup] es were placed al ong the

fuel supply I+Her g*a/o FERSTAERY 1@0%&’#3{? Itﬁﬁesg“\ﬁé'r daRi | |Ei‘é‘bt%%e
conbustion |ipeav@supabil &alkettnbwdimh@atier A Ofa i\ nlsiini iy |PYocdde

- strip was electro brush plated on one side with palladiumto an average
~ thickness of bgcause @tomysts opRratfe adt HEFRRELR HIRES ARAME fdited, swedged

and uncatalyzed autoignition temperature of the fuel gas
10 mixture. ' | . |
Catalytic combustors are also known. For example,
- U.S. Patent No. 3,928,961 discloses a catalytically-sup-
ported thermal combustion appératus.ﬁhereih formation of
NOyx is eliminated by combustion at temperétures above
15 auto-ignition temperatures of the fuel, but less than
those temperatures at whiéh result in substantial |
formaﬁion of oxides of nitrogen.
Metal surfaces coated with oxidation cétalyst are
disclosed in, for example, U.S. Patent Nos. 5,355,668 and
20 4,065,917. These patents suggests catalytic coated
surfaces on components of a gaé_turbine engine. Said US
Patent 4,065,917 suggests use of catalytic coated
surfaces fbr start-up of the turbine, and suggests a mass
_ transfer control limited phase of the start-up operation.
25 The combustor and flameless combustion method in
accordance with the pfeamble of claims 1 and 16 are
disclosed in U.S. Patent No. 3,817,332. In the known.
method fuel and oxidant are fed to the combustion chamber
via separate supply conduits which is'expénsive but
30 necessary té avoid'premature combustion 6f the fuel_ih
the supply conduit. _
It is'an object of the present invention to provide a

flameless combustor wherein fuel and'oxidaﬁt'can be
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wel ded into a 3.048 mlong pipe with the palladiumcoating on the inside
surface. The other conbustion |line was a standard 7.62 cm pi pe of "HAYNES .
120" alloy. A "MAXON' burner was used to Sdpply conbustion gases to the 25
3.048 mlong conbustion pipe, and varying anobunts of air and/or other '

additives are rdom@shméd hidiei £Xhausind r@ist hEbudPNG £ bysmBtastod M Xi ng
section between the. burner and the conbustion line. To naintain a_ uniform

tenmperature wi tHRTPITHNDMNFDhribneloppbecatbatytic surfaces withis

each with its gw:rais®©liderchamb&r Pl aced outside and al ong the |l ength of -
t he conbustion line. A series of tests were run, one with the palladium

coat ed conbustion Iithelaflgheami el edle ebnbittPERSERhelRaRtHAR K6t

pal | adi yn coat gl oJiuel HagonBisst BEHEChAR and abpPhraehist BRiEHE  s0as
injection port "at a rate, when - WD 97/24510

- PCT/ EP96/ 05754 flampelesmaaanddlegs cneenpedaite cadditbves| énr pCturd ges
at nospheric pr%ﬁﬁlé{ . u d. wh - d. e
same conditions, a agthtégs 7‘% ﬁi er}ig]?ﬁ%{ﬁg%@a‘?? é\lggef nj g@tgﬁéé%{%glﬁgpﬁgﬁt he
burner air. and afheleeqoreiment ainvestion, Hnolghafiuebjgat tasppovidded to
the burner to prowids A HiGlod URS AHLLals Lol St e8nbbEfOBRUS P on

l'i ne. T
10 NOx is minimal.

i
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Percentage of the injected nethane that was burned:is shown as a function
of the conbustion line inlet tenperature-in FIG 2 for catalyzed
configuration 10 - (line A and noncatal%zed configuration (line B)
FromFIG 2 it can be seen that at the | owest tenperatures at which the
appar at us ‘can heedREciecd vah sHnte Lk dm £iowd 1 Iherareihade d@senyidizgd
with the pall adi ym coated conbustion |line. The | owest tenperature of
operation 15 UniIgrihEashighrenhat bel ow 260 [err]C but the equi pment

avai | abl e was not gapakl aQmploraperatirorid dpdWEiod Pey atdtisus WhenoEhe
conmbustion |ine w thout thq_palIadrun1coat|n%amas used, sone oxidation: of
net hane occur r EBCaPrSeRt Aowendriare thadd heat e gienavert FseR Beeurs 20

rapidl ysat tenpemdlish8onoichaitidr G EHHE 1ot PR USR5t 8dd [err] C
and above, the Bresence of the palladi'umsurface has no effect because

oxi dation of nehpmberi.s dapitdeamPrRIdgatEian Qf Hare pigsent wirventioneto

pal I adi um sur f-gc : &Jper : 'qg§£§$ﬁ§gg of Lt met hane
oxi di zed bel owg7 Elﬁgroﬁechteeartl:dsl%%%/erl'f yk?ét%?'% he e a-ne&\%vi t%?liﬁﬁ?he
boundary | ayer fatrmaltd osw afracmd fthehavglalicat umThe freeat oxi olf zelse rppedént

and st L enBRG AR lodTH 0 e Wk SN B PERRST cugp
t enper a0ur es ofasabteam/Génearat]icGmrrhd)radmneirca I hiatdwed t 10X | phad ¢ o$1s breatess
preval ent, andagdt%gg%E%&%he dependence is due tq this :
Fuel gas and combustion air transported to the bottom
of the wellbore through a mixed fuel and oxidant supply
. (22) which is shown as an annular volume Surrounding the
15 combustion product conduit. The mixed fuel and air react
within the wellbore volume adjacent to the catalyst
surfaces 14 forming combustion pfoducts. The combustion
~products travel up the wellbore and out an exhaust vent
(not shown) at the wellhead through the combustion
20 product conduit 10. From the exhaust vent, the
combustion products may be routed to atmosphere through
"an exhaust stack (not.shown). Alternatively, the
combustion gases may be treated to remove pollutants,
although nitrous oxides would'not.be_presént and would
~ 25 not therefore need to be removed. Additional energy
recovery from the combustion products by an expander
turbihe or heat exchanger may also be desirable.
Preheating of the fuel gases to obtain flameless
combustion without a catalyst would result in significant
30 generation of carbon unless a carbon formation '
supﬁréssant is included in the fuel gas stream. The need
to provide such a carbon formation suppressant is
therefore avoided by operating the heater at a
temperature.that is less than the carbon formation

35 temperatute. This is another significant advantage of
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t hermal oxi dati on. TH 0601 PCT - 17 - CL A1l M5 1. A flaneless
conmbustor for conmbustion of a fuel and oxidant m xture, the conbustor
conpri-sing: a conbustion chanber (14) im d8mrunication with an inlet and
wi-th a conbustion product outlet (10); and 5 a catal yst surface

/(20) within the comustion Lhahede Hehow ohes a&é@ﬂ@&%éﬁéf@ﬁujw%f

conbustor further "conprises a m xed fuel and oxidant su
connunlcatlon\Mhﬂ1ﬁﬂﬁ¥|Wﬂ$ﬂlnlﬁﬂ£QH)lnt° the elegetxiea ah?%tegutﬁaée

(20) is effectl ti é{ﬁ%ﬁ% gWherein the
oxi di zati on of %%e anDunt §?¥ é%gdogg'not result 1n a tenperature above an
uncat al yzed auediegtiniical trapdatance hfatdre ¥ap| vantedxanbht bheture. 15

2... Theconbust 8 Wﬂﬁrel t Y, ( rises a
conponeét selegtg&g%¥gn1. e group cghggg |ndg%f§éc% 5$aﬁ%alg$%%gﬁ$8pre0|ous
metal s, transiangn retsleauy desatand a8 xieasmsreddseothe Sthdivocoubliesor of

cIa|n11 mhereln th

Jﬂfﬂ 1&e the pipe, was achieved. Fuel was then
injected through a mixing tee into the stream of
preheated air and allowed to flow into the electrically

10 .heated test section. Four platinum ribbons one eighth
of an inch (= 0.32 cm) wide and about sixteen inches

(= 40 cm) long or a stainless steal strip three eighths

of an inch (= 0.95 cm) w1de and about one sixteenth of
"an inch (= 0. 16 cm) thick and about 51xteen inches
15 (é 40 cm) long coated on both sides with either

platinum or palladium were suspended within the pipe to
test catalytic activity. When the test section
contained a catalyst coated strep or ribbon of noble
‘metal and was at or above the catalyzed autoignition

20 temperature, the addition of fuel caused a temperature
increase at the inside middle and outlet thermocouples.
"Below the catalyzed autoignition temperature, such a
temperature was not observed. When no catalytic coated
strips or noble metal ribbons were present, the test

25 - section had to bé_heated to the autoignition
temperature of the fuel before a temperature increase
was observed. The non-éatalyzed and'cafalyzed
autoignition températures as measured are summarized in
the TABLE, with the measured non-catalyzed or catalyzed

30 autoignition temperature referred to as the measured

autoignition temperature.
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20 surtace (207 conprises palladium 4. The conbustor ofgxidadi:

whérein the catalyst surface (20) conprises platinum 5. Tﬂlﬂ!ﬂmﬁuuﬂfmm
Ttlaim1l further conprising a preheat sect{®n.(22) wherein in X s

- section 25 (22) heat can be exchanged between the fuel and oxi dant

m xture and the conbustion products. 6. The conbustor of any precedi ng

cl ai mwherein the conbustor is desiggsi hp& EE%ting a subterranean

formation.by conbustion of a fuel and— xture; 30 t he
conbusti on chanber (14) is defined by at | east one conbustion tubular

(4,10) which is loga L |l bore within the formati t . be heat ed;
and the conbustbr §0§§??é§ggg“§8w§3§?95n%8 SCSHﬁPS lPPoF%b%ﬁ%%éi aQélB -
the wel | bore foxiddhownbgtapebusheosombadiiots compiliewniga t he surface. 7.

The conmbustor of claim6 wherein the cat t .surface area  (20) . :
di stributed within ?h‘émBJBH’BgéPPoﬁh%mber ?l&ﬁnﬁé‘r CPE’H‘)‘“EGartég’m %W%tﬁ? an

essential ly conslentah@npetht dr eombliBtAohhprediukysbuenethaiogr; Gk . 8. The
combust or of claim6 mhe{eig thgfgggbug%ioaicganber (14) is defined by one
or noretubul ar p|%e§ata yst su (20) thin the combustion
chamber (14);
characterized in that the combustor further
comprises a mixed fuel and oxidant supply (22) in
communication with the inlet; and

10 | that the catalyst surface (20) is effective to
cause oxidization of an amount of fuel wherein the
oxidization of the amount of fuel does not result in a
temperature above an uncatalyzed autoignition
temperature of the fuel aﬁd oxidant mixtuie.

15 2. The combustor of claim 1 wherein the catalySE
surface (20) comprises a component selected from the
group consisting of noble metals, semi-precious metals,
transition metal oxides and mixtures thereof.

3. The combustor of claim 1 wherein the catalyst

20 surface (20) comprises palladium.

4. The combustor of claim 1 wherein the catalyst
surface (20) comprises platinum.

5. The combustor of claim 1 further'comprising a
preheat section (22) wherein in the preheat section

25 (22).heat can be exchanged between the fuel and oxidant
mixture and the combustion products. |
6. The combustor of any preceding claim wherein the
combustor is designed for heating a subterranean
formation by combustion of a fuel and oxidant mixture;

30 the combustion chamber (14) is defined by at least one
combustion tubular (4}10) which is located in a
wellbore within the formation to be heated; and the

combustor comprises a combustion gas outlet (10) within
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(4,10) placed within the wellbore. 10" .~ ~9. The conbustor =y
wherei n the conbustion gas outlet is an annul ar space (22) suln{i!,mﬂﬂumﬁlmtwm
gonmbustion tubular (4). 10. The conbustor D8 €l aim6 wherein &hec sON 4
~gas outlet is a tubular (10) within the conbustion chanmber 15 (14).

11. The conbus{r Q&1¢bai@ Qo\eharl%m g ORI grhRiRars () s cRpri ses

an annul ar vol une between a tubul ar and a casing (4). 12. The
conbust or of ctei FhelswksEaeen t he tubular (10) 20 S a conduit for

return of CO”bEETQ?H?ES?HBEEE°EO Wﬁkhﬂe%dwh£§eiﬁh%h%9@% éﬁ claimé6

wherein the tu 'S a conduit containing anot por ion of the
conbusti on chagbefa¢édpreas (20) l§4dl§h€lb@¢bﬂbmu¢ham'mmp[momhuhtmpnﬂzm m

wher ei ngthe calalysl,Syi §3cgo( 20Lu1s REOWRISE 3% S3LAI S CaRt T g whi ch

covers at | east par nAer and/ or “outer sur ular (10)
wi thin the conbempenatuhanbeth@n4ﬁhe3@ombust1@n'Bhamhaﬂnﬁmky of any

ding cl t let sl d. at nd of the .conbust
Charber (14) et tTBS GRPRERSERT| BEaEaaLE, o HBSGEE CORd GRATE houst i on

chanber. 16. Achaubed ¢l4headsi defansdbber barcar mer@itiubullar pipes
(4,10) placed within the wellbore.

10 9. The combustor of claim 6 wherein the éombustion gas
outlet is an annular space (22) surrounding the '
combustlon tubular (4).

10. The combustor of clalm 6 wherein the combustlon gas
outlet is a tubular (10) within the combustion chamber

15 (14) . _

11. The combustor of claim 6 wherein the combustion
chamber (14) comprises an annular volume between a
tubular (10) and a casing (4).

12. The combustor of claim 11 wherein the tubular (10)

20 is a conduit for return of combustion products to a

| wellhead.
13. The combustor of claim 6 wherein the tubular (10)
is a conduit containing another portion of the
combustion chamber (14).

25 14. The combustor of any'preceding claim wherein the
catalyst surface (20) is provided by a catalyst coating
ﬁhich covers at least part of the inner and/or outer _
surface of a tubular (10) within the combustion chamber -

_ (14) .

30 ' 15. The combustor of any preceding claim wherein the
inlet is located at one end of the combustion chamber -
(14) and the outlet is lécated at the other end of the
combustion chamber. ”

16. A method of heating a subterranean formation by

35 flameless combustion, the method comprisingi
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35 fl amel ess conbustion, the nethod conprising:” = inst
conbustion tubul ar (10) which defines a downhol e conmbustion amm%mdnﬂ)"l!rmm
aswel | bore (3) within the formation (1) to b2 heated-and i nduci ng nang
oxi-dant to flow along a catal yst surface (20) 5 Wi thin the conbustion

chanber (14); charagh8thi@dnignat bambuBe iBat Resufiurt (e )cumIdns e fieRd ng a
fuel and oxidant m xture to the chanber (14) via an inlet; wherein the

catal yst surfaceé fowphpdecrrmbusfdonychgmber (ddlsdnos aieddtiasie of3)an

amount of fuel @itﬁyﬁhtﬁer%b%mhﬁibntRQ)aE%r%thk%ﬁﬁﬁfiﬁﬁﬂfiddhéﬂﬁﬁ fuel
conbustion chanber (14) renmains _bel ow the uncatalyzed autoignition

tenperature of and PHéfanfdteoxifdam: akorouie cadnd yatl emnfgccont?Piti on
products?to fI EHlﬁhEhéuEF@BES%?gf c?9%b%ﬁa(nghustlon product outl et

conduit (10) withrn the wel ). . met hod of claim 16 wherein
t he conbustion chanbharé¢n¢rlsedeinneuabytaelmw@hOQOEMHMheﬁ capmpeiilsesasi ng

Catalyst surfacEorsbfEre EREy abE By Tachir miftertose sho AR R/ or
outer surface ofia anbihaet¢10) which is co- aX|aIIy suspended mnthln'the
' wherein the catalyst surface (20) is effective to '
10 cause oxidization of an amount of fuel at such a rate
that the average témperature in the combustion chamber
(14) remains below the uncatalyzed autoignition
temperature of the fuel and oxidant mixture; and
allowing combustion products to flow tb the surface-
15 via a combustion product outlet conduit (10) within the
wellbore (3). _
17. The method of claim 16 wherein the combuStion
chamber (14) is defined by a lower portion of a well
casing (4) and a plug (23)'near.the bottom of the well
20 casing (4) and the catalyst surface (20) is provided.by
a catalyst coating on the inner and/or outer surface of
a tubular (10) which is co-axially suspended within  the
- well casing (4) such that an axial spécing'is
maintainéd'between a lower end of the suSpended tubular
25 (iO) and the plug (23). _
18. The method of claim 17 wherein the suspended
tubular (10) is used.as a mixed fuel and air inlet
condﬁit and the annular spaée (22) between the tubular
(10) and the well casing (4) is used as a combustion
30 product outlet conduit or vice versa. '
19. The method of claim 16, 17 or 18 wherein the method
is used for heating a subterranean oil shale formation

(1) of low permeability.
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wel | casi ng (4) such that an axial spacing is maintai ned between a | ower

end of. t he suspended tubul ar

25

(10) and the plug (23). ;8.'Qﬂﬂﬁ t had
of cldaim17 wherein the suspended tubular (10) is used as a m xed

<

air inlet conduit and the annul ar space (22) between thg tubulagﬁm ) gnq
the well casing ( used as_a conbustion 30 roduct out \ggmpgondui t
or vice versa. 109. met hod . L PROVEL ??%m&HEWeln t he W&®od i s
used for hegteidatioihl RPFIERAON PUBLIMRDUNSKH R PR cdeerRion TREATY @)
er |y
P (51) Tnternationa! Patent Classification 6 ; (11) International Publication Number: WO 9724510
: E21B At (43) International Publication Date: 10 July 1997 (10.07.97)
(21) International Application Number: PCT/EP96/05754 | (81) Designated States: AL, AU, BB, BG, BR, CA, CN, CU, CZ,

{22) International Filing Date: 17 December 1996 (17.12.96)

(30) Priority Data:

60/009,348 27 December 1995 (27.1295) US

(71) Applicant (for all designated Siates except CA): SHELL
INTERNATIONALE RESEARCH MAATSCHAPPII B.V.
[NL/NL}; Carel van Bylandtlaan 30, NL-2596 HR The
Hague (NL).

(71) Applicant {for CA onlyk SHELL CANADA LIMITED
[CA/CAJ; 400 - 4th Avenue S.W., Calgary, Alberta T2P
2HS (CA).

(72) Inventors: KARANIKAS, John, Michacl 4655 Wild In-
digo #302, Houston, TX 77027 (US). MIKUS, Thomas;
906 Coachlight Drive, Houston, TX 77077 (US). VINE-
GAR, Harold, J.; 5219 Yarwell, Houston, TX 77096 (US).
WELLINGTON, Scott, Lee; 2111 Shadybriar Drive, Hous-
ton, TX 77077 (US).

EE, Fl, GE, HU, IL, IS, JP, KE, KP, KR, LK, LR, LT, LV,
MG, MK, MN, MX, NO, NZ, PL, RO, SD, SG, SI, SK, TR,
TT, UA, UG, UZ, YN, ARIPO patent (KE, LS, MW, SD,
SZ, UG), Eurasian patent (AM, AZ, BY, KG, KZ, MD, RU,
TI, TM), Buropean patent (AT, BE, CH, DE, DK, ES, FI,
FR, GB, GR, IE, IT, LU, MC, NL, PT, SE), OAPI patent
(BF, BJ, CF, CG, CI, CM, GA, GN, ML, MR, NE, SN, TD,
TG).

Published
With international .search report.

(54) Title: FLAMELESS COMBUSTOR
(57) Abstract '

A flameless combustor eliminates the flamme as a radiant heat
source, which results in a more even temperature distribution through-
out the length of the bumer. Flameless combustion is accomplished by
prebeating the fuel and the combustion air to a temperature above the
autoignition temperature of the mixture. The present invention low-
ers the autoignition temperature by placing a catalytic surface within
the desired combustion chamber. Temperatures are maintained above

| the catalyzed autoignition temperature but less than the noncatalyzed

autoignition temperatures for noncatalyzed reaction. Thus, the amount
and location of reaction can be controlled by varying the amount and
distribution of catalyst within the bumer. Removing heat from the com-
bustion chamber in amounts that correspond to the oxidation of fuel
within different segments of the combustion chamber can result in low
temperatures and relatively even distribution of heat from the bumer.

il kot £ 22 220

R R R S
{ NN

%

Crdomnlnd dl okt o LT

A
«




