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(S7) Abstract

A combustor method and apparatus is provided. The method utilizes flameless combustion -10
with one or more of three improvements to enhance ignition of the flameless combustor. A catalytic
surface can be provided within a combustion chamber to provide flameless combustion at least in the
vicinity of the catalytic surface at a temperature that is much lower than the autoignition temperature
of fuel in air without the presence of the catalytic surface. Nitrous oxide or supplemental oxygen
may also be used as an oxidant either instead of air or with air to reduce ignition temperatures.
Further, electrical energy can be passed through the fuel conduit, raising the temperature of the
conduit to a temperature above which the fuel will ignite when combined with the oxidant.
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vaporization of the oil and water. U S Patent Nos. 3,113,623 and 3,181, 613
di scl ose* gas fired heat injection burners for:heating subterranean

formati ons. These burners utilize porous naterials to 30 hoId a flame
and t hereby spread the flame out over an extended Iength §7heat
transfer from% WO 97/ 24509

PCT/ EP96/ 753 - 2- the caS|ng I s avoi ded by providing the porous nediumto
hold the flanme. But for conbustion to take place in.the porous nmedium the
fuel gas and the conbustion air nust be prem xed. If the prem xed fuel gas

‘and conbustion air 5 were at a tenperature above the autoignition
tenperature of the mxture, they wpHhfpfRa6t dngq§T@§ing prem xed instead of
wi thin the porous nmedium The fornatlons utl?lze as exanpl es of these

i nventions are only up to about 15 mthick and bel ow only about 4.5 mof 10
overburden. The fuerhipasirventiba rebdtes it micombustbheapparatu=slaald vel y
cool when they r§ éhe burner. The burner would not function as it was
intended if the Tormati on being _heated were significantly deeper. U S

Patent No. 5, 255, 7420 f < BA6EE HOBt aheb L35 and 4., BBRLHLE L 4RIIRE 1 or
~heating subterr ageadudtivatieatinghef sabterrmeganefoainatdibnel ofatowind/ or

fconbustiog air wggiﬁgébility that contain o0il to recover oil therefrom.

; Low permeability formations include diatomites, lipid
coals, tar sands, and oil shales. Formations of low
permeability are not amiable to enhanced oil recovery
methods such as steam, carbon dioxide, or fire flooding.

10 Flocding materials tend to penetrate formations that have
low permeabilities preferentially through fractures. The
injected materials bypass most of the formation
hydrocarbons. In contrast, conductive heating does not
require fluid transport into the formation. O0il within

is5 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 thermal stress and by the expansion and
vaporization of the ¢il and water.

U.8. Patent Nos. 3,113,623 and 3,181,613 disclose gas
fired heat injection burners for heating subterranean
formations. These burners utilize porous materials to

30 hold a flame and thereby spreading the flame out over an
extended length. Radiant heat transfer from a flame to



the fuel gas is conmbined with the conbustion air in increnents that are

suf ficitently small that flanes are avoided. Creation of NJerr] is al npbst

el i mnated, and cost 20 of the heaters can be significantly reduced
because of | ess expensive materials of construction. Preheating the fuel
gas in accorwQfel4sth the teachings of this prior art ref RCHERIPIIEBUItS in
coke formation unless C02, H2, steam or sone other coke suppressant is
added to the 25 fuel gas. Further, start-up of this known heater is a
time consumng process because it nust opérate at tenperatures above the
autoi gnition t &lgecasing & aveiderd byyproviidingethstporous mestjuimr 69 | ong
periods of verhdiawtheo®iamés OB atdiOdBhetecherdetatdSiadyhdehe 30
sufficiently high for ngnnal, erati.on, Catélxhic c&gbqggors.are al so
known. For exar%rg,usufng. 10 HPE N 9558 3881 CHP S EPBRARE IO ALY JWREal | y-
support ed t her il peembusdi onIfipphe aneninedr fralf gasnand rcatbusdion pirs
elimnated by qRFaUstl antahpéfaberaldicie 2heVauBsignitich ! QeiYaituea

Fosul t i n subsintrel MEEFHEE! oHADF ST S PO R R cd
surf aces coat ednsitehdorifdwi tbin ctthepottousr medivwl osThe i fornaniomeanpl e, U. S.
Patent Nos. 5, 33314884 as examples of these inventions are only up to
about 15 m thick and below only about 4.5 m of
10 overburden. The fuel gas and the combustion air are
therefore relatively cool when they reach the burner.
The burner would not function as it was intended if the
formation being heated were significantly deeper.
U.S. Patent No. 5,255,742 discloses a flameless
15 combustor useful for heating subterranean formations that
utilizes preheated fuel gas and/or combustion air wherein
the fuel gas is combined with the combustion air in
increments that are sufficiently small that flames are
avoided. Creation of NOy is almost eliminated, and cost
20 of the heaters can be significantly reduced because of
less expensive materials of construction. Preheating the
fuel gas in accordance with the teachings of this prior
art reference results in coke formation unless CO3, Hjp,
steam, or some other coke suppressant is added to the
25 fuel gas. Further, start-up of this known heater is a
time consuming process because it must operate at
temperatures above the autoignition temperature of the
fuel gas mixture. Start-up requires long periods of very
low flow-rate operation before temperatures would be
30 ‘sufficiently high for normal operation.
Catalytic combustors are also known. For example,
U.S; Patent No. 3,928,961 discloses a catalytically-
supported thermal combustion apparatus wherein formation
of NOy is eliminated by combustion at temperatures above
35 auto-ignition temperatures of the fuel, but less than



5 " and 4, 065,917. These patents suggests catal ytic coated surfaces on
conponents of a gas turbine engine. LIS Patent 4, 065,917 suggests use
of catalytic coated surfaces for star}THi§ SHERThHAS WBHEBNre, and suggests a

" mass transfer limted phase i the gEppg p opgratio

A fl anel ess céﬁ@géé' and ignition ne SeD thﬂ?%e preanble
of claims 1, 10 and 13 is known from US Patent 5, 404,952. In the known
conmbustor and ignition nethod coiled electBieal resistor wires are
suspended wit hi QgrQ@ t- tanc 1away fromthe
orifices, whlcthcg% E§HP§§ céfg |gﬁ? ?oﬁrp §§B§%§qfherefore an

obj ect of the pﬁ%gﬁﬁFlpﬁv@ﬁt?%ﬁﬂﬁﬁ)9§w@9ﬁaéganeonbust|on net hod and
apparat us which i s Megakl esatednshrfarelae coaséed ywi tthid:eédiaaidnbcaughyystp to
20 cberat! igd A7B81BLUE SRy ddi AATE, SBPEC pdledd Sl C80Hks 68

invention, it is an Jec fovide a combustTon and “&ppaf
wher ei n fBr mat | GnSof , RER - P%7n1rﬁhﬁﬂe HQFEP§Saﬁngﬁﬁtﬁﬁﬁ%§ﬁ1Xﬁ1Q:ﬁéabﬁésent

invention to pr@ﬂz‘f&c&s”ﬁhh@&n a{tdﬁa& a bbshthﬂ«ﬁie @ngta.he:r nmalgaglif i ci ency.

25 cor.dan ect . of the |nvent
f1 amel ess conbu % gﬁ Eség aX| gggﬁﬁug??d% c %ﬁggﬂ hﬁanlcatlon
with an inlet fcﬁumgntoat Stmet-em ofndhentuchingi cand (ﬂ\lgnetsﬂtsaacmﬁsast i on

product outlet 3rdnaEedt B8AtLHT 1:3ited phase iR EH@|S€E¥Hﬂﬂﬁio EEh@oﬁhe

axial coppustion chygber, phe fuel” conduit defiyng 4 fugl volupe, \the fue

provide a combustion method and apparatus which is
flameless, and can be easily ignited and brought up to
opérating temperatures. In another aspect of the present
invention, it is an object to provide a combustion method

15 and apparatus wherein formation of NO_ is minimal. It is
another object of the present invention to provide a
method which has a high level of thermal efficiency.

In accordance with one aspect of the present
invention a flameless combustor comprises:

20 an axial combustion chamber in communication with an
inlet for oxidant at one end and in communication with a
combustion product outlet at the other end;

a fuel conduit within the axial combustion chamber,
the fuel conduit defining a fuel volume, the fuel volume

25 in communication with a fuel supply, and in communication
with the combustion chamber through a plurality of
orifices located along the fuel conduit, each of the
orifices separated by an interval distance wherein the
oﬁidant can pass through the combustion chamber and mix

30 with fuel passing through the orifices from the fuel
volume as the oxidant passes from the inlet end to the
combustion product outlet; and

a catalytic surface located within the axial
combustion chamber, the catalytic surface effective to

35 reduce the autoignition temperature of a mixture of fuel

Sheet Has Been Rerilaced




onmmuni cation with the
Llocated al ong t he

in comunication with a fuel supply, an
cBnbusti on chanber through a plurality
fuel conduit, each of the orifices sepafat | di stance
wherein the oxidant can pass through th er and mx with
fuel passi ngvoRT2ASh the orifices fromthe fuel 5 vo| REEERWG/IOSTSS

oxi dant passes fromthe inlet end to the conmbustion product outlet; a
catalytic surface located within the axial conbustion chanber, the
catalytic surface effective to reduce t he” aut oi gni tion tenperature of a
m xture of fuekndooxidant Ffixpma agncatabydzedntedonifion hempéxatiureon

tenperature torg 5a@g&ygyggduauydaghgtgant Avdy®. and an el ectrica

I ff I t th h the fuel dui t
n"Sn anoint of 1 eckToiet b R Eher KEERBEFEL FHEAAES forRELaPe AR GHGRE or 15

| east one orif sueface tefidreatined gboduitn amdfosr &nuriengr ehiface hef fuel will

gnite when thentusbnidsens: dNanuab (b€ 05 |d1de protustarabhie (iR catal ytic
sur face COI’TpI'I ses n QUt er urface o condui t an i nner

surface of 20 €@ &A™ Eﬁéﬁﬁ%rpa 34%9Qﬂ%§9 SEFeFP%d that the
catal ytic surfaombuanqmlﬁnithuﬁ leadprises an electrical power supply

effective to pass electrical current through the fuel
conduit in an amount effective to heat the fuel conduit
10 in the vicinity of at least one orifice to temperature
above a temperature at which the fuel will ignite when
the fuel passes through the orifices.
In accordance with another aspect of the present
invention a flameless combustor comprlses
i5 an axial combustion chamber in communication with an
inlet for oxidant at one end and in communication with a
combustion product outlet at the other end;
a fuel conduit within the axial combustion chamber,
the fuel conduit defining a fuel volume, the fuel volume
20 in communication with a fuel supply, and in communication
with the combustion chamber through a piurality of )
orifices along the fuel conduit wherein the fuel conduit
comprises an electrically conductive material; and
an electrical power supply effective to pass
- 25 electrical current through the fuel conduit in an amount

effective to heat the fuel conduit in the vicinity of at
least one orifice to temperature above a temperature at
which the fuel will ignite when the fuel passes through
the orifices. .

30 Suitably the combustor is located within an
underground wellbore and the fuel conduit is a tubular
suspended from a wellhead; electrical power is applied at
‘the wellhead; the fuel conduit is of a lesser thickness
in the vicinity of the orifices than above the orifices;

i Rﬁll




In accordance with another aspect of the present invention a flaneless
conbust ot conprises: an axi al conbustion chanber in comrunication with an
25 . inlet for oxidant at one end and in conmmunication with a
conbustion product outlet at the other end; a fuel conduit within the axial
conbusti on chaM@®¥24%Pe fuel conduit defining a fuel volume, RGN 3

vol unme- i n communi cation with a fuel supply, and in conmunication 30

with the conbustion chanmber through a plurakity of orifices along the fuel
conduit wherein the fuel conduit _conprises an electrically conductive
material; and  andikhe £hed| eepdiity|is, grenndagpfyontd RI1fe ReFOWadE

el ectrical curreneddtr onghokrheiéelel conduit in an anmount effective to heat
the fuel conduit in LGLERI i fi r
above a tenperature E?QSX}&H%%? %uﬁg&?%%ﬁa%@% Qélsg%ir?%ﬁ e%%gh%gl 2
passes through t H2agelesgesombyptein FhehaethrausPBPYi®&efocat ed within an
under grounsl wel | bore prdvilitnd ush 6iduicombastibnbethatibeisipended from a

Conduit | s of o I(GRTRREREMR B0 A iBe ar, ged i i, N ookt Bl v

the orifices; AVENpEOndmgEtion with a combustion product outlet at the

other end;
providing a fuel conduit within the axial combustion
10 chamber, the fuel conduit defining a fuel volume, the

fuel volume in communication with a fuel supply, and in
communication with the combustion chamber through a
plurality of orifices located along the fuel conduit;
passing an oxidant selected from the group comprising
15 nitrous oxide and supplemental oxygen to the combustion
chamber; '
passing a stream of fuel to the fuel volume;
heating the stream of fuel, oxidant, or both the
stream of fuel and oxidant to a temperature that results
20 in reaction of the oxidant and the fuel when fuel
combines with the oxidant;
continuing to pass the oxidant to the combustion
chamber and fuel to the fuel conduit until the
temperature within the combustion chamber exceeds an
25 autoignition temperature of the fuel in air; and
replacing the oxidant with air after the temperature
within the combustion chamber exceeds the autoignition
temperature of the fuel in air.
Suitably, the method according to the invention
30 further comprises the step of passing an amount of
‘electricity through the fuel conduit sufficient to cause
the fuel conduit, for at least a portion of the conduit
in the vicinity of at least one orifice, to heat to a
temperature of at least 260 °C.



WO, 97/'24509 PCT/ EP96/ 05753 - 5 - and
the fuek conduit is grounded froma point below at |east one orifice. The
invention further relates to a nethod to ignite a flanel ess conbustor. The
met hod conprises: 5 provi di ng an axi al conbusti on chanber in
communi cat i onwwmiszdsem i nl et for oxidant at one end and i n CEOIEPIEEYSION
with a conbustion product outlet at the other end; providing a fuel conduit
wi thin the axial conmbustion 10 chanber, the fuel conduit defining a
fuel volune, the fuel volume in comunicatPon with a fuel supply, and in
communi cati on Wi th tTheisopbefidirsi dratbehet heohod Fcddrdidlg ty eheorifices

| ocated al ong ¢ Gubliehofi OBtk her NASSLIBCANCAXT SL8 S SELGTLOM e oroup

conprising 15 nitrous oxi en t'6 'He®conbust i on
chamber; passi ngaéaévFéSn?wfql%lwwx%é ﬁuéP"‘bWW ¢hambiexg the stream of
fuel , OX|dant eathdtrbit hsustaeasifedtioe aadredméEﬂﬁhé<td%ﬁéQHEﬁEétH£e t hat

T h the i danthacheRAL| AP add S8 4:08"ko200 LR AS Vs dliany] B8 (ROT! nes

with the oxidant; confinuin ass OXI
catalytic surface.

Suitable fuels for use during the start-up phase of
the method according to the present invention are
hydrogen and a hydrogen and carbon monoxide mixture,

10 which fuels have a low ignition temperature.

The flameless combustion method and combustor of the
present invention result in minimal production of nitrous
oxides. Other measures to remove or prevent the
formation of nitrous oxides are therefore not required.

15 The invention will now be described in more detail
with reference to the accompanying drawings, in which

FIG. 1 shows a combustor suitable for use in the
present invention.

FIG. 2 is a plot of amount of fuel consumed in a

20 burner that demonstrates workability of the present
invention vs. temperature.

A flameless combustor that can be utilized, with
improvement according to the present invention is
disclosed in U.S. Patent No. 5,255,742, the disclosure of

25 which is incorporated herein by reference. The
improvements of the present invention include three
improvements related to the start-up of such a combustor.
The three improvements may be used individually, but are
preferably used in combination with at least two

30 utilized. The three improvements of the present
invention include: use of the fuel gas conduit as a
resistance heater to provide heat for start-up; use of a
catalytic surface within the combustion chamber to lower
temperatures at which oxidation of the fuel will occur;



chqnbér and fuel to the fuel conduit until the tenperature within the
conbust i on chanber exceeds an 25 autoignition tenperature of the fue
in air; and replacing the oxidant with air after the tenpsrahurs m1th|n t he
conmbust i on chanber exceeds the aut oi gnition tenperature of the fuel in air.
suitably, the WR¥¥¥P%ccording to the invention 30 f ur t REFERSOBIS ses
the step of passing an ampunt of electricity through the fuel conduit .
sufficient to cause the fuel conduit, for_ at |east a portion of thefcondU|t
' i cini fice, to heat to a tenperature of at

: gatsPGZ\éi)Cl[ ger/@OrId %ts\%log ?})}3@8@8£|0éher than air, or. alorrlg) with air, to

PCT/ EP96/ 05753 -Xwelrt mcpgaiewndtedmﬁratdm'emeah@dngcsﬂaﬂt%t0 t he

i nvention further cogphiy gﬁgtéﬂe ﬁéftﬂnr‘g o@‘ﬁ\‘kdﬁ mglgg% @ﬂu\%etsq[li‘”o aduce

wi thin the conbustion ch e catal C suirface
the tenperature St ?resentv\hpgﬁn’f%@ fife|t ){”éﬁdhei‘ﬁdaﬁtre'é@&d ialarige thieci ni ty

of the ca$al yti @xsisr bfic theSuohbbsteidnddiftanber goetHHE | ﬂgtéd(i)g%e:ﬁdtﬁfr"e yg phase
ydr ogen and. carban aanst shat, Bt el ffRuRRLy he 06, oot S ety e
i gni tion tenperéi stlon temperature would be. This almost eliminates
formation of NOys, and also significantly reduces
metallurgical requirements resulting in a relatively
10 inexpensive combustor.

Generally, flameless combustion is accomplished by
preheating combustion air and fuel gas sufficiently that
when the two streams are combined the temperature of the
mixture exceeds the autoignition temperature of the

15 mixture, but to a temperature less than that which would
result in the oxidation upon mixing being limited by the
rate of mixing. 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

20 relatively small increments will result in flameless
combustion. The increments in which the fuel gas is
mixed with the combustion gas stream preferably result in
about a 10 to 110 °C temperature rise in the combustion
gas stream due to the combustion of the fuel.

25 Referring to FIG. 1, a heat injection well and
combustor capable of carrying out the present invention
are shown. A formation to be heated, 1, is below an
overburden, 2. A wellbore, 3, extends through the
overburden and to a position in or near the bottom of the

30 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 shale formations are

.35 examples of such formations. Horizontal heaters may also



The f1 anel ess conbustion method and conbustor of the present invention
r&ult“in mninml production of nitrous oxides. Cther neasures to renpve or
prevent the formation of nitrous oxides are therefore not required. 15

The invention will now be described in nore detail wth reference to the
‘acconpanyi ngWe@9##sAs, in which FIG 1 shows a conbustor sU/CTHEFPPEOSE use
In the present invention. FIG 2 is a plot of amount of fuel consuned in a
20 burner that denonstrates morkabilhty of the present invention vs.
tenperature. A flanel ess conbustor that "cdn be utilized, wth inprovenent
according to tleffprctivalyi becwredrin ¢hdnsbedsetioi himtS heRdt divissNoo

5, 255, 742, theo%%heaaﬁeaﬁé Bose rockhhi Qh the SRASSEOAEEHIWNCER PY

r ef er ence. g nprovggents iéﬁthe rese |nvent|on |nclude hree

i nprovenents r ESred t 5oEHReLIRERe dﬁé)&P% cKIER A NFRRANG . 4Fhe THAr ce

i mprovenent s ndpwee pertiomde¥ithenlviellbbue mag be etamertied u&&dh an

conbi natg on W tandhe! eé‘St?é%go’%harafCt'é%‘%? suut_‘@oig'lrfoq. i nprovenents of

t he present |nvent|on i_nc 2 use. o gas_conduit as a resistance
heater to provWathgkapding eleyatesd teﬂ'?érBF“’a'e%a%%‘Fy'ﬁ%n%ﬁﬁlF&é’S Weski-n t he
conbusti on chambeement| ehicht Ppergtiod eheginabhinduatisiat isgn i@f t he fuel

wi T occur; preferred for the upper portion of the wellbore to
prevent heat loss from the system. An oxidant conduit,
10 10, extends from the wellhead (not shown) to the lower
portion of the wellbore. A fuel conduit, 12, also
extends from the wellhead to the bottom of the wellbore.
The fuel conduit defines a fuel volume within the fuel
conduit. The fuel volume is in communication with a fuel

15 supply. and is in communication with a combustion chamber
'surrounding the fuel conduit through a plurality of
orifices.

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

20 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 wmay be advantageous to

25 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 is
not required, but an upper portion of the heater may be
cemented to prevent fluid loss to the surface.

30 Choice of a diameter of the casing, 4, in the
embodiment of FIG. 1 is a trade off between the expense
of 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

35 component of the injection well. The heat that can be



97/ 24509 | PCT/ EP96/ 05753 -7- and
use of ‘oxidants other than air, or along with air, to |ower autoignition
tenperatures during start-up. An inportant feature of the fl anel ess

conmbustor of the present invention is that heat is renoved g| w 5
axis of the c¥l #5%n chanber so that a tenperature i s nai %tci ?fﬁ'at S
significantly bel ow what an adi abatic conbustion tenperature would be. This
al nost elimnates formation of hKIerr]s -agd- al so significantly reduces

met al | ur gi cal gg%gggfnéé suI {na@mr?lﬁliézyeas’éislgﬁgalglé nsi ve

conbustor. Gene Tess co Fon i s acco pr éfreat i ng
conbustion air uhahfy@¢r%ﬁﬂ#nanaaensnénym%ﬁ%r meﬁﬁﬁﬁ@Qtﬂé b??@%ﬁ% are

combi ned- t he ]Eeaﬁsﬁatm eard ddtmitmipt Bﬁlelﬁxﬂﬁm&lh‘ih&ukﬁbigntﬁlpﬂ )
terrperature (0] X t to t rr_p ure |ess_than thnhat
Wi oh woul 6 reshPBLERLER PRSP oBb R Erad R bR reR e b e e o
of m xi ng Preheastnagndfhese tmansier.to a tenperature between about 815
[err].C and about 12’§ﬁe[ﬁié]1 a@ﬁ@ohhﬁﬂt”béﬁf&ﬂé‘% %'ra?ﬁﬁ iggo the

combustion air in, t,i ncre W esult in
flamel ess combuSf ﬁcesrhel"f'nc&é‘ﬁéﬁtg \‘/\h‘?‘t tfg’eeftl&" ﬁg f[: sER% xed wi th

t he conbusti on gesdsit eeitlpireftdealfoymatsant to rbtal.’:matteel 10The dtbfiees | C
tenperature ri Sﬁréns% &&t%@;bé} Iaanlmrmem@a&et thahelgogaffiapéh@f the

fuel 25 errin 1, a heat, 1 njection I.I an
to allow bo s;gnl icant reactlonjof the o&?dant and

fuel between orifices, and removal of heat from the
heater along the length of the combustion chamber between
the orifices. The orifices 13 provide communication
between the volume defined by the fuel conduit 12 and the

15 axial combustion chamber. A plurality of orifices
provide for distribution of heat release within the
formation to be heated. Staging release of fuel into the
oxidant/combustion product stream results in staged
generation of heat, and with uniform transfer of heat

20 from the wellbore as in the embodiment of FIG. 1,
temperatures within the wellbore are well below adiabatic
combustion teﬁperatures. Avoiding high temperatures
significantly reduces metéllurgical requirements, and
thus cost of the facility. Additionally, temperatures

25 well below adiabatic combustion temperatures avoids
creation of NOys.

The orifices are sized to accomplish a nearly even
temperature distribution within the casing. A nearly
even temperature profile within the casing results in

30 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
process. A more even temperature profile will also

35 result in lower maximum tewperatures for the same heat



conbust or capabl e of carrying out the present invention are shown. A
formaticon to be heated, 1, is below an overburden, 2. A wellbore, 3,

ext ends through the overburden and to a position in or near the bottom of
t he 30 ~ formation to be heated. A vertical well is shown, but the

wel | bore couMP¥@488yi ated or horizontal. Horizontal heat iRFEHEPISIOSTAR| | s
may be provided in formations that fracture horizontally to recover
hydrocarbons by a parallel drive process.ghallow oil shale fornati ons are

35 exanpl es of such formatiops. Hor| ont afl heaters pay al so
97/ 24509 release. Because the materials BERSEBYEE 8y _f _tthe

effectively be mmeter rarndiwellicdysten| dicttattecathe omgitmomovemberalauremd base

rock. In the ergadi r@;@&&@we' Brftfied yite iellhaeechs ﬁ%%@dr%ﬂhé&%

casing, 4. The rtion_of "t ore e,/m e cenment
cement, 7, haviPRE#HRda ithe §m§dp?%ﬁﬁ’é‘1f%r° CORSEENEE @B el eThR ed
t enper at ares anguriben S rovifd cesat s hmﬁmtoﬁw ealsr siza gPodrifitcaml

i nsul at or, ‘?ﬁg&?f %% k%r uEQ_ lI:lIFPEr U|t ﬁrlkd'% thEV\@££Qt et_rf:;:%leto pr event

heat | oss from OXI| Y from the
wel | head (not stmﬁn)gﬁnﬁ#aﬂé-lﬂ bﬁepfpérﬁm%ltﬂﬁ:ﬁ gie -weSmadler arifitesonduit,

12, al so extendgilil @hidencwel ehealyt Ohidh €l bajd0Braffitbe . Werhé Ofgmber
of orifices is a trade-off between evenness of the
10 temperature profile and the possibility of plugging.

{ The number, size, and spacing of the orifices along
with the heat removal from the combustion chambexr are
preferably such that the maximum temperatures within the
combustor are less than about 1100 °C. This results in

15 long service lives for commercially available materials.

It is important in the operation of a combustor of
the present invention that heat be removed from the
combustion chamber between fuel orifices. 1In the
application of the present  invention to a wellbore heat

20 injector, heat is transferred to the formation around the
wellbore. The heater of the present invention could also
be used in other applications, such as steam generation
and chemical industry or refinery process heaters.

Alternatively, air and/or another oxidant could be

25 staged into fuel by providing orifices in the combustion
air conduit instead of the fuel conduit.

Fuel and oxidant transported to bottom of the
wellbore combine and react within the wellbore volume
surrounding the conduits, 14, forming combustion

30 products. This volume is the axial combustion chamber of
the present invention. The combustion products travel up
the wellbore and out an exhaust vent at the wellhead.

The combustion products may be treated to remove
pellutants, and energy recovery from the combustion



The fuel conduit defines a fuel volume within the fuel conduit. The fuel
volume is in communication with a fuel 15 supply, and is in

communi cation with a conbusti on chanber surrounding the fuel conduit
through a plurality of orifices. Hi gh tenperature cenents suitable for
cementing casiQ* ¥ conduits within the high tenperature pof

of the wellbore are available. Exanples are disclosed in U S. Patent Nos.
3,507,332 and 3, 180, 748. Al um na contents gpoye about 50 percent by wei ght
based on cenents sl%t\é O|IdS are preferred ﬁ hal | ow formations, it may

be advant ageous X% Y RanieroarTy It"ﬁlfé'nﬁegfe eﬁ?r%’&‘f}queﬁ"t Favhe

formati on. When a¥ae HRﬂsatdQSlFrgbhamrer-drl |led directly into the formation,
cenmenting of the hefﬂserthlencbﬁsuét)i&ﬁc?ﬁadc%sn%séeﬂh”El@’wéllﬂb&% ARBYE

portion of the heater may .be cepmente revent fluid |lo to the surface.
50 ChoiTEF coratiiSfte PETSG{BeHHEdbeRE, 18, SFrABRed HSGNHen £t
FIG 1 is5a tradsigianthatdeshet fivebxpmnsd 1dngt ﬂewnashengfl@nd:mtmmtaete at

whi ch. heat may hgd ra@f&%ﬁétaaaogfméey MRirh98. hdie SRSidihe R bRahe
nmetal lurgy required, is generall he nost expensive 35 cqnponent of

the injection wefqnsergs ﬁé‘&?‘gi’ha}?“"taﬁ?%ts t epsyable flameless
PCT/ EP96/ 05753 combustion of the present invention. The fuel and the

oxidant are preheated as they travel down the respective
10 flow conduits sufficiently that the mixture of the two
streams at the ultimate mixing point is at a temperature
above the autoignition temperature of the mixture.
- Flameless combustion results, avoiding a flame as a
radiant heat source. Heat is therefore transferred from
15 the wellbore in an essentially uniform fashion.
An electrical lead 15 can be connected with a clamp
16 or other connection to the fuel line 12 near the
wellhead below an electrically insulating coupling to
supply electrical energy for initial heating and start-up
20 of the combustor. Electrical ground can be provided near
the bottom of the borehole with one or more electrically
conducting centralizers around the fuel conduit 17 and
around the oxidant conduit 18. Centralizers on the fuel
conduit above the electrically grounding centralizers are
25 electrically insulating centralizers. Wall thickness of
the fuel conduits are preferably decreased in the
vicinity of the orifices so that application of
electrical energy to the fuel gas conduit results in
negligible resistance heating above the orifices, and
30 significant heating below the orifices. Sufficient heat
is preferably applied to result in fuel exiting the
orifices into a flowing oxidant for air) stream being is
at or above the autocignition temperature of the
fuel-oxidant mixture as the fuel mixes with the oxidant.
35 Most preferably, the mixture of fuel and oxidant is above



-9- transferred into the formation increases significantly with increasing
casi ng.di aneter. A casing of between about 10 and about 20 cmin internal
diangter will typically provide an optimumtrade-off between initial 5
cost and heat transfer. The fuel gas conduit contains a plurality of
orifices, 13WO@®aR4®® shown) along the length of the condui tPGHWERHS7Ehe
formation to be heated. The orifices are separated by an interval distance
that is sufficient 10 to allow both sjgnificant reaction of the

oxi dant and fuel between orifices, and ?éﬁ%val of heat fromthe heater

al ong t he | engtheofutbigrbriamn tienpernsnser obcthe arixthwre@tf tbese The

orifices 13 prayhde-gpnearindidny bahweenthiesydl umnxiefighadebwnbheit uel
conduit 12 and the 1 axi.al caonrbusti on. chanber. . A Iur%l't of
orifices provi BSPED CREPYTH ST 1r8H: ARd) BhES Wit X isRats BRRKEFRN (o
be heated. Stagrhficesease of fuel into the oxidant/conbustion product
stream resul ts i n gheagegh HSNG] denpRratubtabs enel PdiN dilida@thikepséer of
heat_ZO fromth me%#?gfe as the erbodi nent Qf FILG .1, tepperatures
Wi thin the vel EBoPECEPERRAY | 1ATSA By BEQYIBLeBPuSt AT ALISE, SLEFRCS
Avoi di ng hi gh tempar sherebsciipy fdfc zhel prificees Miid laatglyzlic
requirement s, Jdebios 6 dobe ety LRtk oAChd | GRS et erefures 25
wel | bel ow adi abati c_ conbustion t eratures avolds creation of Nolerr]s.
the oxidant conduit 10. Alternatively, either the fue
10 conduit could be provided with such a surface, or a
tubular or catalyst containing surface could be
separately placed within the oxidant conduit. Other
catalytic surfaces could be provided, for example in the
combustion product annulus outside of the oxidant
15 .conduit. This additional catalytic surface could ensure
that complete combustion occurred within the wellbore.
The catalytic surface can also significantly increase the
temperature range within which the combustor can operate
by decreasing the temperature at which oxidation of the
20 fuel occurs.

Start up of the flameless combustor of the present
invention can be further enhanced by provision of
supplemental oxidants during the start-up phase, and/or
by use of a fuel that has a lower autoignition

25 temperature such as, for example, hydrogen. Preferred
oxidants include supplemental oxygen and nitrous oxide.
Hydrogen could be provided along with a natural gas
stream, and could be provided as shift gas, with carbon
monoxide present and/or carbon dioxide present. Presence

30 of carbon dioxide would not be preferably, but may be
tolerable and removal of some carbon dioxide may not be
economically justifiable.

Acceptable catalyst materials include noble metals,
semi-precious metals, and transition metal oxides.

35 Generally, known oxidation catalysts are useful in the



The orlflces are sized to acconplish a nearly even tenperature distribution
wi thin the casing. A nearly even tenperature profile wthin the casing
results in 30 nore uniform heat distribution within the formation to
be heat ed. A nearly uniformheat distribution within the formation wll
result in nor eWXM480®nt utilization of heat in a conductive BFHREPHYSIS

hydr ocarbon recovery process. A nore even tenperature profile wll also 35
result in | ower maxi numtenperatures for t sane heat WO 97/ 24509

. PCT/ EP96/ 05753 - 10 rel ease. Because the materials of construction of the
‘burner and wel | PYSEERFJiRYEREQMhe MAXCHERSt RhpBIch MatRleePEnMeERber at ure
_profiles will inexease tbeldeslsds decagsefnbssi ble for the sane materials of

-construction. The 5 < 0f orifi S of
‘orifices which are tgt%rtngbﬁ]l(% rtr%r ékg?sfl fc'z%i%geéeug’%%lefycﬁmy bﬁ?y
“generdl |y be of asedaphbilstbe comhmster basfbeen heatied |ty anﬁleélpeﬁéi‘-‘l“;ﬁt han
“larger oridices. sﬁlzelauaﬁert@feﬁhﬁd @ﬁsraelantwmﬁﬁdhd@ﬁt Waatuedengass of

the 10 tenperature gngfé aaan:l_,j[e ggggéﬁwgl Ié%/'hq{k}]eol Wadl g T

nunber, size, an@®spAting of the ori Reat “refovar from
the conbustion cheabed aqaeapwnmraﬁﬂufesabnvehhbem&qmmm enper at ur es

within the temperature of methane in air).
The preheating of fuel gases such as methane to

10 obtain flameless combustion could result in significant
generation of carbon within the fuel conduit unless a
carbon formation suppressant is included in the fuel
stream. The carbon formation suppressant may be carbon
dioxide, steam, hydrogen or mixtures thereof. Carbon

15 dioxide and steam are preferred due to the generally
higher cost of hydrogen.

Flameless combustion generally occurs when a reaction
between an oxidant stream and a fuel is not limited by
mixing and the mixed stream is at a temperature higher

20 than the autoignition temperature of the mixed stream.
This is accomplished by avoiding high temperatures at the
point of wmixing and by mixing relatively small increments
of fuel into the oxidant containing stream. The
existence of flame is evidenced by an illuminate

25 interface between unburned fuel and the combustion
products. To avoid the creation of a flame, the fuel and
the oxidant are preferably heated to a temperature of
between about 815 °C and about 1260 °C prior to mixing.
The fuel is preferably mixed with the oxidant stream in

30 relatively small increments to enable more rapid mixing.
For example, enough fuel may be added in an increment to
enable combustion to raise the temperature of the stream
by about 28 to about 56 °C.

Use of the fuel conduit as a resistance heater to

35 . provide initial heat for start up of the flameless



conbustor are | ess than about 1100 [err]C. This results in 15 | ong
service lives for commercially available materials. It is inportant in the
oper.ation of a conbustor of the present invention that heat be renobved from
t he conmbusti on chanber between fuel orifices. In the application of the
present i nveWoi%3240®» a wel | bore heat 20 i nj ector, heatPOTEPIGIHBf er r ed
to the formati on around the well bore. The heater of the present invention
could al so be used in other applications, such as steam generation and

chem cal industry or refinery process hedt®rs. Al ternatively, air and/or
anot her oxi dantosbubtiobeofthe presteagednivenvidénels by gimmiifdicagtorifices in

ranepor ted o oo R e o omaul S Precthe Al el | b
in the wel | bore
vol ume surrounHFﬂg SﬁEeE%Lﬂ%r?%hmaﬂi °FoPHiﬁSe SrfiddiYo FoRguctive s quct s.

Thi s vol unme i smheraalal agdribrizig en refaniieelpfthink preradnt wonltdnbeon. The
conbustign prodye ayvgl paipy t ; b d : haus e t the
wel | head. The %% Egt&{iongp?oﬁ?)cﬁl\&%yebgétg?ggf eﬁloa?&éa%v%lfpgrgu?g% s, and
ener gy recover FORABATt AR BFINATIGSH to repudy) tysxplease of heat at

PCT/ EP96/ 05753 preéélecpéeddsednents af ekpaldngeh whigie dueleabnaychanger may
For example, in a well heat injector application, it may
be desirable to electrically heat the lowermost portion

10 of the wellbore in order to ignite the mixed gas stream
at the highest concentration of fuel, and to burn the
fuel before exhaust gasses are passed back up through the
wellbore. Electrical energy can be connected to the fuel
conduit at the wellhead, and the fuel conduit supported

15 by an insulating hanger, and kept centralized within the
air supply conduit with insulating centralizers. The
fuel conduit is then grounded below the segment which is
to be used as a heater.

Catalytic metals such as palladium or platinum can be

20 coated, preferably by brush electroplating, onto a
surface within the combustion chamber to enhance
oxidation of the fuel at lower temperatures. Such

catalytic surface has been found to be extremely
effective in promoting oxidation of methane in air at

25 temperatures as low as 260 °C. This reaction rapidly
occurs on the catalyst surface, and generally, gasses in
the boundary layer adjacent to the catalytic surface
quickly become fully reacted. An advantage of having a
significant catalytic surface within the combustion

30 " chamber is that the temperature range within which the
flameless combustor can operate can be significantly
increased.

EXAMPLES

A thermal reactor was used to establish temperatures
35 at which oxidation reactions would occur with various



al so be desirable. As the conbustion products rise in the wellbore above
the formation bei ng heated, heat is exchanged between the 5 oxi dant
and the fuel travelling down the flow conduits and the conbustion products.

Thi s heat exchan%e not only conserves energy, but permts thf(ﬁlc}fﬁ%%ge

f1 anel ess conSYRY¥4¥?0f the present invention. The fuel and e oxidant are
preheated as they travel down the respective 10 fl ow conduits
sufficiently that the m xture of the two-sigeans at the uItinate m Xi ng

point is at ate ratuyr.e _aboye_t he aut oi n|t|on te re of the

m xture. Flamel € R &‘ﬁf? ’é’\i%“cﬁ ggﬁ% RSt heat
source. Heat is Thersfastorn wasshe?sd dm Gimaf_ﬁ.@less Sthelv@ip%dﬂ@ﬁmdan
essential ly uni fip{yp fAaskiiQeerABat! fe4{dalcd MRGALiRgCABiNE &NMNASIAkaN th a

clanp 16 or other, connec ntot € fuel e _well hea | ow an
electiically i ns‘ﬂ’réﬁ "é@%‘df’?‘ng ‘?%P"@qﬁc%Pchfzmgﬁ’é?SV? ot chfQﬁT
heating aBd starwasipl¥®ed undsrnehehc@m@lmsmlatléheeﬂuacant gr@ e can be
provi ded near tf@ﬁl@@} tAPifce! Be Qﬁéeﬁi)é@ Wit yidRofp E’Qrﬁeﬁéeﬁéd cally

conducting centralizers_aroynd t condui t, 17 and around oxi dant
condui t 18. CentPEPYAGS ’&?lfiﬁet?’ﬁel’lﬁ%rﬂﬁutthea gtendtebRRPE q'y an
groundi ng centr aat ztthes cartdekS TesterdHshons alfl yobleumatahg orndtraainlesss.

Val | thickness ofedde duidpd Atk aab Sndt Y U hoUOGRE8SREng M e

vicinity of the orifices so th |cat|on trical energytothe
f uel gasleondU|tp¥Q%LHQsFQQ¥ cataly c activity. Aair preheated t

temperature somewhat below the desired temperature of the
test was injected into the electrically heated test
section of the pipe. _Electrical power to the electrical
resistance heater was varied until the desired

15 . temperature in the test section was obtained and a steady
state, as measured by the thermocouples mounted inside .
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 heated test section. Four

20 platinum ribbons 0.32 cm wide and about 40 cm long or a .
stainless steel strip 0.95 cm wide and about 0.16 cm
thick and about 40 cm long coated on both sides with
either platinum or palladium were suspended within the
pipe to test catalytic activity. Wwhen the test section

25 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 autoignition temperature, such a

30 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 catalyzed autoignition temperatures

35 as measured are summarized in the TABLE, with the



negligi bl e resi stance heating above the orifices, and 30 si gni ficant
heating below the orifices. Sufficient heat is preferably applied to-
resul-t in fuel exiting the orifices into a flow ng oxidant (or air) stream
being is at or above the autoignition tenperature of the fuel-oxidant

" m xture-as tHYOPHSMI xes with the oxidant. 35 “Most  pr eCwEne5753t he

m xture of fuel and oxidant is above WO 97/ 24509

PCT/ EP96/ 05753 - 12 - the autoignition tenperature of the mxture at these
start-up conditions. Thus, the fuel would’ignite when it passes through the
orifices and ni ReagpradonerzFAtagtande®roeatatyzed mutoignitioaut oi gniti on
temperature of thfpéyatudyifefdradity asi Ehel RéLhald HuRWGRYLR¥nPr OVi si on
of a catalytic %g&%%ggtagein the vicinity of the orifices. "This catalytic
surface is preferably provided on the inside surface of the oxidant conduit
10. Alternatively, either the fuel 10 conduit could be provided with
such a surface, or a tubular or catal ystpggfigai ni ng surface coul d be

. L - . - £ bt i o e f Ao
o0l d be brovi JEUEL or gmh‘istmrﬁgzzﬁéﬁé%i on hr oBGEEL ann|FAEALYRE [ of
t he oxidant 15 condlAUTO- Thi pFLoili t | comd. cat ¢l ¥t O AIRfhce coul d
ensure IGNITION | RATE % OF AIR VOL%
TEMP. °C | CC/MIN |VOL. %

NAT. GAS | 788 380 10.5

NAT. GAS | 732 380 2.6 N,0/21

NAT. GAS | 677 380 2.6 05/40

DIMETHYL | 510 380 2.6

ETHER |

DIMETHYL | 316 - 380 2.6 N,0/21

ETHER

Hp 659 380 13

Hy 49 380 13 Pt

66.6%Hy | 676 380 13

33.3%C0 _

66.6%Hy | 213 380 13 Pt

33,3%C0

66.6%Hy | 211 380 13 N,0/44.7 |Pt

33.3%C0 -

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

33.3%CO 100% N0

Methane | 310 380 13 - Pd

Hp 149 380 13 - Pd

66.6%Hy | 154 380 13 - Pd

33.3%CO

From the TABLE it can be seen that addition of N,0 to
5 the fuel stream greatly reduces the measured autoignition
temperature of the mixtures. Further, inclusion of



' th‘at _f:orrpl ete conbustion occurred within the well bore. The catalytic
surface can also significantly increase the tenperature range within which
- the conbustor can operate by decreasing the tenperature at which oxidation

- of the 20 fuel occurs. Start up of the flanel ess conbus

. present i nventWeA724P? be further enhanced by provision of su%%ﬁ’g‘g%ﬁnya}?

- oxidants during the start-up phase, and/or by use of a fuel that has a

. lower autoignition 25 tenmperature such-as, for exanple, hydrogen.
Preferred oxidants include suppl enental oxygen and nltro oxi rogen
coul d be provi deBYEreagnwRe 2 Luel d PEEeRET i ths Fak Vﬁlﬁes‘bﬁf%%‘?%ed as
shift gas, wth gasbosignibidaie Iy ardnceantherdysaniion aditoxigeipiesent .
Presence 30 8f %gEPQPegIOXIde woul d not be preferably, but may be

tol erabl e and remova sone carbon di oxi de % not be econon1ca||g

justifiable. Acceptabl - 848an Andrdesti SPEPRALPLIPHIAE 1o 5PEE th
sem - precipus nekakaltandft thesorie dndierahcbat dixs. a&ﬁ.str:.bu@ederal | y known

oxtdatLon catal VEbaefbol ghal ibile  n HEERTLE 0er temster fust car
oxi des coul d al sdibe waefprovided within a 5.08 cm 1nterna1 dlameter
combustion line. The fuel injection line provided a
conduit for fuel to a fuel injection port located near an
10 inlet end of the combustion line. The combustion line
was placed within an insulated pipe, and 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
15 was electro brush plated on one side with palladium to an
average thickness of 0.000254 cm. The strip was then
break formed, swedged and welded in to 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
20 *HAYNES 120" alloy. A "MAXON'" burner was used to supply
combustion gases to the 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
25 ‘maintain a uniform temperature within the combustion
line, three electric 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
30 coated combustion line and one with the combustion line
that was not palladium coated. When measured at a
temperature of about 15 °C and at a pressure of
1 atmosphere fuel gas was injected through the fuel gas
injection port at a rate of about 0.635 m3/hour and about
35 374 m3/hour of air was injected, including the burner air



Start-up oxidants and/or fuels are preferably only used until the conbustor
has been heated to a tenperature 5 sufficient to enable operation with
nmet hane (natural gas) as fuel and air as the oxidant (i.e., the conbustor
has heated to a tenperature above the autoignition tenperature of nethane
in air). The PO ng of fuel gases such as nethane to 10 PCI/EPIGR7S8 n

fl amel ess conbustion could result in significant generation of carbon

wi thin the fuel conduit unless a carbon jof iti on suppressant is included
in the fuel stream The carbon formation sugpr essant may be carbon di oxi de,
steam hydrogena8f &Rt 8FE’NEMEY Hir- CHnpughiBuel gagliwpg dwamides:t bam are

pr(raTLerred due t(thrahbugﬂaereélp‘rd\hgi&era ea&g;eaf téﬁ(ﬁéf&ﬁ&e Eh:’cilr&{eeifxlet 4

conbustion gener 0 eactjon oxi_dan ream and a

fuel is not Iim° ?QSMB Sgnméﬁsn%%cﬁtnh ?58%%%3#\’? %r}éﬁ LPIESSEr at ur e

hi gher 20 !‘ﬁéhailﬁetbﬂ"é ovafhihurmed: eﬁpehawnresoi ttmsztmote@fsttheam Thi s

i s accomz} l tshedld@mbaglalndnnmﬂié gihtlte&rr&%hghuaeﬁfétlﬁhe:@mzﬂf&f d&;téui}?ﬁgnd by

mxing relative R ncr epent s Nt o cont.al N

stream The exi g%@%&gu’é? e @8 &@Hc@ﬂnﬁtﬁiy?‘?‘? "?é}{gé‘rﬁmn

i nterface bet weddinabBi nedFI'qaleIFTahdZt i& cenbbet seen mlmhjcatts theo laweisd t he

creation of a f t to a
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tenperature of between abput err r|or to
m xi ng. The fuelagf’é1 p?gPercablsg? nPtebbfi Pethane yas)oxidigedanit
10 palladium coated combustion line. The lowest tempe_rature

of operation might be somewhat below 260 °C but the
equipment available was not capable of operation at lower
temperature. When the combustion line without the
palladium coating was used, some oxidation of methane

15 occurred at about 704 °C, and oxidation of methane occurs
‘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

20 surface. '

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

25 this boundary layer, and not kinetics, dictates the
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.



30 w. relatively small Lncrements to-enable nore rapid m xing. For
exadple enough fuel may be added in an increnent to enabl e conbustion to
rai se the tenperature ofThislBbeetH % out 28 to about 56 [err]C. Use of

t he fuel cond res to 35 prOV|de.|n|%h%I heat for
start up of thé?@ﬁ’gl ess““‘ 6/05753

PCT/ EP96/ 05753 - 14 - conbustor of the present inventi
i mprovenent because the fuel conduit is prfgent anywayj
made of an electrically conductive materiaf] and bein
netal, would be 5 expected to be a reliable heater.

fuel conduit can be varied to result kglrglgaﬁesof heat at presel ected
segnents of the length of the fuel condurt.” For exanple, in a well heat
injector application, it may be desirable to electrically heat the

| ower most porti dn 1@ flamedéss heomkmidtionr eomprostieg:to ignite the m xed gas

stream at the h|ghesgnpgﬁggmtégmgﬂgkfgh_%ﬁghﬁegng? é&weadag 6LP%HF99£Rre

exhaust gasses ar hrou ectri ener gy

pa
can be connected Ei(? %Qrf [Et %Flcﬂfr tong endeand| LR eeRMMuHEatiens wathcandui t
supported 15  conibpsgionnpubdhcthputdrgear 8hd &Emér caid;ral i zed within the

air supply conduit Eﬁeiné&aﬁi@%ﬁ:‘fﬁy @h&zgﬁal T@&nbustion chamber,
the fuel conduit defining a fuel volume, the fuel volume
in communication with a fuel supply, and in communication
with the combustion chamber through a plurality of
orifices located along the fuel conduit, each of the

10 orifices separated by an interval distance wherein the

oxidant can pass through the combustion chamber and mix
with fuel passing through the orifices from the fuel

THiS| SHEﬂnmalaezu" e

volume as the oxidant passes from the inlet end to the
combustion product outlet; and

15 a catalytic surface located within the axial
combustion chamber, the catalytic surface effective to
reduce the autoignition temperature of a mixture of fuel .
and oxidant from a noncatalyzed autoignition temperature
to a catalyzed autoignition temperature.

20 2. The combustor of claim 1 wherein the catalytic
surface comprises an outer surface of the fuel conduit.
3. The combustor of claim 1 wherein the catalytic
surface comprises an inner surface of the combustion
chamber.

25 4. The combustor of claim 1 wherein the combustion
chamber is defined by an inside surface of a tubular
within a wellbore.

5. The combustor of claim 1 further comprising a means
. to remove heat from the interval of the combustion

30 chamber between at least two orifices, the means to

remove heat capable of removing an amount of heat that
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pl pe_w appe an e ectrlc
least two of the orlflces comprises the formation to

which heat can be transferred from the combustion chamber
by convection and conduction through an annular space
surrounding the combustion chamber.
7. The combustor of claim 1 wherein the catalytic
surface comprises palladium.
8. The combustor of claim 1 further comprising an
electrical power supply effective to pass electrical
current through the fuel conduit in an amount effective
to heat the fuel conduit in the vicinity of at least one
orifice to temperature above a temperature at which the
fuel will ignite when the fuel passes through the
orifices.
9. The combustor of claim 8 wherein the combustor is
within a wellbore.
10. The combustor of claim 9 wherein the fuel conduit is
a tubular suspended from a wellhead and the combustor
further comprises; a means to apply electrical power to
the fuel conduit at the wellhead; and the fuel conduit is
of a lesser thickness in the vicinity of the orifices
than above the orifices and the fuel conduit is grounded
from a point below at least one orifice.
11. A flameless combustor comprising:

an axial combustion chamber in communication with an
inlet for oxidant at one end and in communication with a
combustion product ocutlet at the other end;

a fuel conduit within the axial combustion chamber,
the fuel conduit defining a fuel volume, the fuel volume
in communication with a fuel supply, and in communication

Lt

299 to establish
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within a wellbore
13. The combustor of claim 12 wherein the fuel conduit is
a tubular sugpended from a wellhead; electrical power is
applied at the wellhead; the fuel conduit is of a lesser
thickness in the vicinity of the orifices than above the
orifices; and the fuel conduit is grounded from a point
below at least one orifice.
14. A method to ignite a flameless combustor comprising:

providing an axial combustion chamber in
communication with an inlet for oxidant at one end and in
communication with a combustion product outlet at the
other end;

providing a fuel conduit within the axial combustion
chamber, the fuel conduit defining a fuel volume, the .
fuel volume in communication with a fuel supply, and in _
communication with the combustion chamber through a
plurality of orifices located along the fuel conduit;

passing an oxidant selected from the group comprising
nitrous oxide and supplemental oxygen to the combustion
chamber;

passing a stream of fuel to the fuel volume;

heating the stream of fuel, oxidant, or both the
stream of fuel and oxidant to a temperature that results
in reaction of the oxidant and the fuel when fuel
combines with the oxidant;
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au;glgnltlon temperature opft the fuel in air; and
replacing the oxidant with air after the temperature
within the combustion chamber exceeds the autoignition
temperature of the fuel in air.
15. The method of claim 14 further comprising the step of
passing an amount of electricity through the fuel conduit
sufficient to cause the fuel conduit, for at least a
portion of the conduit in the vicinity of at least one
orifice, to heat to a temperature of at least 260 °C.
16. The method of claim 14 further comprising the step of
providing a catalytic surface within the combustion
chamber, the catalytic surface effective to reduce the
temperature at which the fuel and oxidant react in the
vicinity of the catalytic surface.
17. The method of claim 14 wherein the fuel is hydrogen.
18. The method of claim 14 wherein the fuel comprises
hydrogen and carbon monoxide. '
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conpustion line. The fuel injection line provided a conduit for fuel to a
fuel injection port |ocated near an 10 i nl et end of the conbustion

| ine. -~ The conbustion |ine was placed within an insul ated pi pe, and

t her rocoupl es were placed along the fuel supply line. Two different
conbustion |i ng'?’vg%gguti lized. One conbustion Iine was fabPFEEPSES®Iom a
strip of "HAYNES 120" alloy. The strip 15 was el ectro brush plated on
one side with palladiumto an average thickness of 0.000254 cm The strip
was then break fornmed, swedged and welded in to a 3.048 mlong pipe with.
t he pal |l adi um coating on the inside gupface. The other conbustion |line was
a standard 7.62 cm pi pe of 20 "i%fégs 120" alloy. A "MAXON' burner
was used to supply conbustion gases e 3.048 m | ong conbustion pipe,
and varying anounts of air and/or other additives are mxed with the
exhaust fromthe "MAXON' .burner in a m xing section between the buﬁgﬁr and
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35 ., 374 n{err]/hour of alr mas |njected “including. the burner air WO
;97/24509 , PCT/ EP96/ 05753 - 18 -- and
‘the secondary air. Enough fueI gas was - provided to the burner to provide a
target tenperature at the inlet of the combdsTion |ine. Per.cent age of the

i nj ected met hane 'that -was burned is shown as a function of the 5
‘conbustion |i netHdHeettéxmmamme at ﬂ1f3ch2résu1ta1ia| gpmbdtaanfiadur ati on
(line A) and no ca zed onfl uration,(line B). FromFIG 2 it can be
‘seen that at t SRRt %?e% L WRPER t he apparatus can be operated

i s about 260. [err] @etﬁﬁﬂ)@cﬁaté& @@fﬁa@esv\asaaéddwzeﬁ okibathenl@atalyst.
palladlun1coated conmpustion_ ljine._ Thelo benperature of opg %élon
tl

‘ni ght be sonmewddie KRt 9%A A But LPHeSXIFTP ﬁEn dvafRLiBRE NRS-n 2t

of opergtion atadPVerods/PET at UfKesé Qtéﬁ@sC@ﬁ@?é%t@“cbt&@y@hbh@%bt%hﬁ
~pal | adi um coati ng was used sone oxi dation of hanes 1 . occurred at

about 704 [err SO £aREHXPREPBRORENEEL AENR 66§uF§rbaBPdP99&Peten§@ﬂ & ures
-of about 816 Cy Lf‘é‘%éﬁ@tw@ 0§1’$7§ué§é§£§ aod aEO\esFa%geler eogiteRy of

t he palladlunlsu ‘ace has no e ect becalise oxidation o hane is rapid
and conpl ete eisurfiaces hfor skanbueptdf phel turbinee and syggests. aTmass

tenperature indgpendence. oiv + 8¢ ffﬁfé@& SKAQEZEH the start-up operation.

10 A flameless combustor and ignition method in
accordance with the preamble of claims 1, 10 and 13 is
known from US Patent 5,404,952. In the known combustor

.and ignition method coiled electrical resistor wires are
suspended within the eombustion chamber at a distance

15 away from the orifices, which may retard and'complicate _
ignition. ' - '

It is therefore an object of the present 1nventlon to
prov1de a combustlon method and apparatus which is
flameless, and can be easrly ignited and brought up to

20 operatlng temperatures. In another aspect of the present
invention, it is an object to prov1de a combustion method
and apparatus whereln formation of NOx is minimal. It is
another object of'the'present.invention to provide a
method which has a high level of thermal efficiency.

25 In accordance with one aspect of the present
invention a flameless combustor comprises:

an axial combustion chamber in communication with an
inlet'for oxidant at one end and in cemmunication with a
combustion.product outlet at the other end; . |

30 a fuel conduit withiﬁ'the axial combustién chamber,
the fuel conduit deflnlng a fuel volume, the fuel volume
in communlcatlon with a fuel supply, and in communication

with the combustlon-chamber.through a plurality of

| AMENDED SHEET
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belom/704 Ctends to verify that the methane within the boundary | ayer at
t he surface of the pal | adi um surface oxidizes rapidly, and that -
transportatlon of methane to 25 this bgundary | ayer, and not Kkinetics,

dictates the extent to which met hane i s oxXi

i zed. At tenperatures of about

704 [err]C and greater, thermal oxidation beconmes prevalent, and a
tenperature depenﬁéh@eSiboﬁaéedoaihng ther fukelogdguiign. eachTiefoadte PCT 02

- 19 - CL A
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conmuni catron wt

,end and in connmmadamtooanntpaascbhbusghonhprcdmbusaubMeth@m&Eheeuuhmngend;

5

t'he fuel coﬁdLﬁgjfgg g%%f?%% ngﬁ% Ipuéolﬁ I%%ﬁ 9E§§f%3§ﬁh%§aﬁ$%ef14)

connunlsatlon\Mdiumefweltheppkydaandpasseenﬁubm@aheOﬁdeﬂndﬂ&rmwnhust|on'

chanber through a Iurallt% of orific
conduit (12), F

(13) located along the 10 f uel

tieR ?@FEESOFEE? deparated by an interval distance
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he orifices (13) _fromthe fuel volune as
combustlon chamber, the catalytic surface effective to

reduce the autoignition temperature_of a mixture of fuel
and oxidant from a non-catalyzed autoignition temperéture
to a catalyzed autoignition temperature; and |

an electrical power supply effective to pass
electrical current:through the fuel conduit in an amount
effective to heat the fuel conduit in the vicinity of at
least dné orifice to temperature above a temperaturé at
which the fuel will ignite when the fuel passes through
the orifices. ' | | |

Préferably the catalytic surface comprises an outer
surface.of the fuel conduit and/or an inner surface of
the combustion chamber. It is also preferred that the
catalytic surface comprises palladium.

In accordance with another aspect of the present
invention a flameless combustor comprises:

an axial combustion chamber in communication with an

inlet for oxidant at_one end and in communication with a
cbmbustion product oﬁtlet at the other end; _

a fuel conduit within the axial combustion chamber,

the fuel conduit defining a fuel volume, the fuel volume

.in communication with a fuel supply, and in communication

with‘the_combustion chamber through a plurality'of

orifices along the fuel condnit wherein the fuel conduit-

COmp:iSes an electrically conductive material; and



-

the oxj.dant passes fromthe inlet end to the conbustion 15 pr oduct
outlet; a catalytic surface (19) located within the axial conmbustion
chamber (14), the catalytic surface (19)._ef4f ective to reduce the
autoi.gnition tenperature of a m xture of f U8l “and oxi dant from a _
noncatal yzed 20 .. . autoignition tenperature to a catal yzed autoignition
tenperature; and eP8cElieCHTiGk RRYHeaTPRLY SHFFET YR ofC tPRSHi xt ure of
oxi dant and. f ugh eWittrlida 1t Rewpdrd! 1AFBIEY | 10He Ch@ED ek on&RPE agh eshZ8flolAtt hat
the el ectrical heating nmeans 25 conprise an el ectrical power supply

(15) effectiveeffesidyeelterthaatalthark endubh imetheeviebnditytofi1ar in
an anount effegli . g:he, f qu.@gitgé in,t f jat

| east one ori f:i%g\é?lg%e?%a% fftlg?rsp_ei-'lr{gttu - a o%%f%%%%r%%%%ﬁg?éwfgha? he
fuel widl igniwbiwherthd0 fuel wing fignitmotesn ttheufkel heassesi thsopgB).

2. The conbusi;gre fricfli%jfe@ 1 wherein the catalytic surface (19) conprises
an outer surfa of "thé Tuel conduit (12). 3. The conbustor of claim1l
wherein the catal ysudtably thaurdembms(tl®) iconiprdastesd anitmiwrasur f ace of the

gggﬂzt: 82- Chaﬁ*ﬂ 'rerg;%:@lindé"'wel-E.ri)eorCeorgbnudsttq{e O}.ueci &5 u:‘f‘@e{sel 3 I:ngular' '
| 'Sus'pended from a wellhead; electrical power is applied at
10 the wellhead; the fuel conduit is of a lesser thickness

in the vicinity of the orifices than above the orifices;
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chanper, (1 0604 R y an inside surface of a tubular (10) within a
wel | bore. 10 5. The conbustor of claim1 further conprising a neans
to'renove heat fromthe interval of the conghustion chanber (14) between at
| east. two orifices (13), the ne€ans to reno heat capabl e of renoving an
amount of heat that results in the tehperature within the 15

conbustion chanber (14) being, when in a steady state, greater than the
autoignition tenperature of the fuel inki® IMiS|ess than about 1100
[err]C. 6. The conbustor of claimb5 wherein the means to renmove heat from
an interval of:the conbustion chanber between 20 at l.east two of the
orifices (13) - donpri e lameerhe@orebi§9r teewPpTE$im@at can be transferred

annul ar space. sur r STnATAS T T G RS PIF) CORCUGhRR: LIERUAD B7 ¢
clai m 1 wher ei witthe agatialygti @5 oxidamsturdceng 1@r)dcmq$rlsesopauhadammr18.
The conbustor of. aiml mh rein t 0 st thin Reye gore (3). 9.
The conbust or 8?t§|5|ﬁ9¥qﬂ1 eﬁQ1q{#d#:é?%k§$%ﬁ ?t 5? ?E 8t GBHF ar- "
suspended from a wal Ifedd codivite QIR) w:.tlﬁ:mbméoaixiallthembﬁsﬁﬁ)bnses a
means (15) to a ele r r,to e fu copduit,at th IIhead
mrd he fuel Ccobbiben S o i Y fordent T2 PRet i 5 "BpeEhe o
orifices than‘&BQﬂ@eLth@WﬁdélﬁwdﬂuhéfEhf¢6mmun1catlon with a fuel

supply, and in communication with the combustion chamber

. through a plurality of orifices (13) located along the
10 fuel conduit (12), each of the orifices (13) separated by
an interval dlstance wherein the oxidant can pass
- through the combustion chamber (14) and mix with fuel
passinQ through the 6rifices (13) from the fuel volume as
the oxidant passes from the inlet end to the combustion
15 ~ product outlet; '
a catalytic surface (19) located within the axial
combustion chamber (14), the catalytic surface (19)
effective to reduce the autoignition temperature of a
mixture of fuel and oxidant from a néncatalyzed
20 autoignition temperature to a catalyzed autoignition
~ temperature; and
electrical heating means for ignition of the mixture
of oxidant and fuel within the axial combustion chamber;
 characterized in that the electrical heating means
25 comprise an electrical power supply (15) effective to
.pass electricai current through the fuel cohduit (12) in
‘an amount effective té heat the fuel conduit (12) in the
Vicinity of at least one orifice (13) to a temperature
above a temperature at which the fuel will ignite when

30 the fuel passes through the orifices (13).
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conduit is grounded froma point below at |east one orifice. 10: A

f | afrel’ es’s combustor conprising: an axial .conbustion chamber (14) in

cemmuni cation 5 with an inlet for:oxidant at one end and in

communi cation with a conbustion product*-oulPer :at - the other end; a fuel

~conduit (12) wthin the axial conbustion chanber (14), the fuel conduit
(12) defining g.fueheveombestidre dfuellaim Umevhereionmhe csdtabywdth a fuel

10 ' ly, di . cat.i i th th mbust i mb 14
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t he fuel condugbn@dix q@zpr.ises an electrically conductive material; and

heating nmeans for ignitjon of the mxture 15 of , oxi dant and
‘fuel within thé-axTaf Eeﬁ%h’s"tﬁ?gn o S T diera i i P FAEI AL E he o
el ectrigcal heag{;pgaPRaNd 990 HInpTd st QLG siofkte SoPPtie (dSmbesteshi ve
to pass electrical current through the fuel conduit (12) in-an anount

effective to hehambes fldd) -conduit (12) in the 20 vicinity of at |east
one orifice (13) !8n3 LOARULAGH SRR 1l SRAAI thlctbideiby ue!

el ectri cal

will ignite when t

e fuel passes t e oritices. 11. The conbustor of
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5. . The combustor of cléim 1 further comprising a means
to remove heat from the interval of the combustion
chamber (14) between at least two orifices (13), the
means to remove heat capable of removing an amount of
heat that results in the temperature within the
combustion chamber (14) being, when in a steady state,
greater than the autoignition temperature of the fuel in
air, but less than about 1100 °C. |

6. The combustor of claim 5 wherein the means to remove
heat from an interval of_fhe combustion chamber between
at least two of the orifices (13) comprises the formation
(1) to which heat caﬁ be transferred from the combustion
chamber (14) by convection and conduction through an
annular space surrounding the combustion chamber (14).

7. The combustor of claim 1 wherein the catalytic
surface (19) comprises palladium.

8.. The combustor of claim 1 wherein the combustor is
within a wellbore (3). - _ '

9. The combustor of claim 8 wherein the fuel conduit
(12) is a tubular suspended from a wellhead and the
combustor further comprises a means (15) to apply
electrical power to the fuel conduit at the wellhead; and
the fuel conduit is of a lesser thickness in the vicinity

of the orifices than above the orifices and the fuel
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(12) is a tubular suspended froma well head; electrical power is applied at

“the wel l'head; the fuel conduit is of a |esser thickness in the vicinity of
the orifices (13) than above the orifices; .and the fuel conduit is grounded

30 . froma point below at |east one orifice (13). 13. A nethod to
ignite a flanel ess conbustor conprising: providing an axial conbustion

chamber (14) isoaauiunicagreandeidh faon @ goifrdr hediakardt ateaste emel and in

- 22 - communication with a conmbustion product outlet at the other end;

providing a fuBF*&EdfGuit (12) within the axial conbustion chamber (14), the

fuel conduit (18) Hefilamegeas5combusftoel coviprisirgre fuel volume in

comuni cation with a fuel supply, and in.co ni cation with the conbustion
chanber (14) througﬁnaaﬁFGieFPWéu ﬁﬂq'ﬁnfggg%ifﬁ Joddt SPEMEHEF HEC? uel
condui ts (12); paghi B AR1QX M oxAddht canyi idy i ddundation
passing a streamof fuel to the fuel volune;. and heating the stream of

fuel, oxidant,wéEhbat ROmREsELBaRTEAUCTe Ot EoAtdhe (FFREE P at ure t hat
results in reactiop ghelNeoRtiudRnt190d Witk dhehan dulorsings Wi th the

oxi dant; 15 characterized in that the oxidant is selected from
chamber (14), the fuel conduit (12) defining a fuel

. volume, the fuel volume in communication with a fuel
10 ‘supply, and in communication with the combustion chamber
(14) through a plurality of orifices (13) along the fuel
conduit (12) wherein the fuel conduit (12) comprises an
electrically conduetive material; and
electrical heating means for ignition of the mixture
15 of exidant and fuel within the axial combustion chamber;
characterized in that the electrical heating means
comprise an electrical power supply (15) effective to
pass electrical current through the fuel conduit (12) in
"an amount effective to heat the fuel conduit (12) in the
20 vicinity of at least one orifice'(13) to a temperature
' aboveja temperature at which the fuel will ignite when
the fuel passes through the erifices.
11. The combustor of claim 10 wherein the combustor is
within a wellbore (3). - |
25 12. The combustor of claim 11 wherein the fuel conduit
(12) is a tubular suspended from a wellhead; electrical
power is applied at the wellhead; the fuel conduit is of
a lesser thickness in the vicinity of the orifices (13)
than above the orifices; and the fuel conduit is grounded
30 from a point below at least one orifice (13).
13. A method to ignite a flameless combustoi comprising:
providing'en axial combustion chamber (14) in

communication with an inlet for oxidant at one end and in
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the group conprising nitrous oxide and supplemental oxygen and that the
met’hod further conprises: continuing to pass the oxidant to the combustion
chanber (14) and fuel to the fuel :conduit until the 20 t enperature

wi thin the combustion chanber (14) excéeéds™an dutoi'gnition tenperature of
the fuel in air; and replacing the oxidant with air after the tenperature.
wi thin the corﬂammhumhcahmﬂ»ewr(:n4§1 erubugtichepagducniotitdet @fpdi ure of
the fuel in air 14. The method of claim 13 further conprising the
step of paSS|ﬁ§ﬂé aT %ht of electricity through the fuel conduit (12)
sufficient to caquréhﬁdimglacﬁudM|COodﬁ}t ﬂéﬂ)aWLEBastt@ep@mu@dn of the

condui t- (12) in the VlCInI f at n r|f|c 3

t enperature of CRP¥PELO $% 664§ H‘% %fg. RE r“i;é'{h)(&'ztgf (% al mrﬁ%aa

Iﬁ; t Ee‘:’m Cotrrprlﬁmélhy n%@ﬂuxﬁéﬁl)oméhﬁnem d’lbmgme tat abmummarﬁme Witd) ani fueh
onbusti on chanber the catal ytic suyrfa 95! ffecti t -

22a - redu](c:e L#iépﬁbﬁpe?%@u%@ 'éP“W‘}P(’:ﬁa¥Fr8nf ﬂ’éFE‘ %E‘ ¥ ﬁ&éi:vﬁfaﬂe?%

vicinity of t t gh¥bhGhSH" p2GRal iy o¥6orifg cert had)ofl dcdatied &l

the fuel is hygFgﬁen 176 The b aod gfoc gfnllggﬁhgregn the fuel éﬁﬁiifégs

5 hydrogehhanﬂu%hrGGEdﬁ%ﬁoilaé'
) passing an oxidant to the combustlon chamber (14);

10 passing a stream of fuel to the fuel volume; and
'.heating the stream of fuel, oxidant, or both the
stream of fuel and oxidant to a temperature that results
in reaction of the oxidant and the fuel when fuel
combines with the oxidant;

15 characterized in that the oxidant is selected from
the group comprising nitrous oxide and supplemental
~oxygen and that the method further'comprises:

continuihg to pass the oxidant to the combustion
_chamber (14) and fuel to the fuel conduit until the

20 | temperature within the combustion chamber (14) exceeds an

autoigﬁition temperaturé of the fuel in air; and
‘replacing the oxidant with air after the temperature

within the combustion chamber (14} exceeds the

autoignition temperature of the fuel in air.

25 14. The method of claim 13 further comprising the step of

| passing an amount of electricity through the fuel conduit
(12) sufficient to cause the fuel conduit (12), for at
least a portion of the conduit (12) in the vicinity of at
least one orifice (13), to heat to a'temperature of at

30 least 260 °C. _

| 15. The method of ciaim 13 further comprising the step of
providing a catalytic surface (19) within the combustion

éhambe: (14), the catalytic surface (19) effective to
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iéddce fhe temperature at which the fuel and oxidan£
react in the vicinity of the catalytic.surface (19) .

16. The method of claim 13 wherein the fuel is hydrogen.
17. The method of.claim.l3 wherein the fuel comprises

-hydrogen and carbon monoxide.
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