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1 . INTRODUCTION 

Seam s imula ion is already a leading enhanced oil 

recovery technique, nd its import nce over the next decade is 

expected to increase . At presen , the steam is generated a 

the sur ace and inject d in 0 he reservoir through a tube 

string . As poducing reservoirs become deple ed , interest is 

shifting to 0 her , fundamentally differen applications of 

steam stimula ion . In such applica ions, surface-generated 

steam appears to be a a disadvantage , and a n w approach 

dowr,hcle steam generation -- deserves evaluation . 'I'he 

applications in question , along with some reasons why 

conventional steam stimulation appears unsuitable , are 

given below . 

• Deep wells. Wells as eep s 3000 to 5000 f are now 

candidates for steam stimulation, and t these depths , 

wellbore heat losses may be unacceptably high for surface-

generated steam . 

• Environm n lly impacted a~eas . Loca ions where the 

surface equipment m~st be minimized (or remo ely located) 

• 

and/or areas wher no exhuust emissions are llowed . 

Arctic applications . qegions in the fa ' orth where the 

cold environment (surfac and subsurface) will lead to 

increased heat loss, nnd where thermal impact on the 

permafros overburden must be minimized, to prevent any 

destabiliza ion of the ground around the wellbore. 

1-1 
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• Offshore applications . Situations where the highly d viated 

(long) well~ m y result in axc ssive wellbore hea loss. In 

addi ion, space constr in s may require the surface 

equipment to oe locat d some dis ance from he wellhead. 

Recognizing the need for a n w approach to seam 

s imula ion, h U. S. Departm nt of Energy (DOE) initiat d 

Project Deep Ste~m ~n appointed S ndia National Laboratories, 

Albuquerque, New exico, (Sandia) as project manager. One of 

the main objectives o f thi3 project was to develop the 

technology base needed to make downhole steam generation a 

viable commerci 1 proposi ion. The work described herein was 

carried out in pursuit of his objective unuer contract to 

San ia . Initial specifica ions for the system were broad enough 

to cover a wi e range of potential applications. Key 

requirements (m3ximum values) included : 

Firing Rate 

Steam Output 

Injection Pressure 

Depth 

15 MMBTU/hr 

900 Bbl/day 

3000 psi 

5000 ft 

In addition, he downhole components were 0 be compatible 

for use with 7" well casing . The ini ial choice of fuel was 

iesel oil (12 fuel), but it was recognized that to be 

commercially a tractive, the system should be bl to run on 

heavier fuels. This factor played an important role in the 

selection of the combustor concept, as described later. 

1-2 
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Fou compon nts we e id n i i d as 0 ng cruci 1 0 he 

success of downhole s e m. Th y e th_ s· m ( n rator, p ck 

ube strin and control sys em. :h ste m g .n r or roduc s 

steam downhole nd injec s it in 0 he orm ion. The pack r 

seals the w Ilbore and preven s st m from leakin up 0 he 

sur ace . The ube s ring carries fu 1 , air and water down Lhe 

well 0 he ste m genera or. The control sys m regul us the 

fuel , ir nd wa er flow and controls he s earning operation. 

At the s art of the program, a s a e-of-the-ar ~eview 

was carri d out to assess he technologies needed to develop 

the sys em. This review indicated that advances in t chnology 

would be necessary in two are s : hi h pressure combustion and 

high t mpera ure packer seals . As a result, wo developmental 

t sks were undertaken initially; tasks which resulted in the 

developmen of a novel ceramic-lined combustor and a unique 

all-metnl pucker seal*. These elements were incorporated 

into n overall system design. 'rhe key system components wer 

hen built and tested in the laboratory . The program culminated 

in a successful 140 hour simulated dow~hole test (4·-10 MMBTU/hr ; 

250-1300 psi ) which was started at Foster-Miller and then 

C0ntinued at Sandia to demonstrate system perform ~ce . 

* Patents covering the novel aspects of these components have 
been applied for; one h s issued , two are pending . 
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The work car~ied out during th s program is d scribed in 

the sections th t follow . This work includes : 

• The development and testing 0 , . hi h-pressure st m 

gener tor that incorpora es the cer mic-lined combustor . 

• The analysis , design an testing 0 the all-me 1 p cker 

se 1. 

• The design and specificati)n of the m jor componen 5 of 

the downhole steam generation system , incl~ding the steam 

generator , packer , tube string and control system . 

The suc~ess of this and other programs carried out under 

Project De~p Sceam led DOE to conclude that a sound technology 

base had b~en developed , and that further refinement and test:ng 

of the downhole steam generation system should proceed under 

commercial sponsQrE. ' ,ip. 
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2 . SYST'M DES~RIPTIO 

2.1 ener ion 
;...;;;..;;.;..::..:;;;..;.:...-~..::.....:;;..::,..;;;:.;.:.;..~----

For n oil-fired sys em, here re two basic me hods of 

ste m 9 nera ion dependin( on how the he t is lransferre from 

th hot combustion gas 0 he eedwater. Thes m hods a ' e 

shown in Fi ure ~-l. In he di ect metho (Fi ur. 2-1 ), wa r 

mix~s with th hot gas and h t tr nsfer by direct contact 

ca ses i c v porize in 0 s m. In he indirect method 

(Figur 2-lb) , th ho g sand w r p~even ed from physic 1 

ontac ,whil hea is r nsfe r cross he exch n er wall. 

When d pled for downhole us, h irect method equires ha 

ombus ion I<'e place a he injec ion pr ssur and th t the 

combustion as (mix d wi h st m) b inj ct d in 0 h forma ion . 

wi h he in irec me hod, how v 1 , combus ion c n t ke place 

mospheric pressure, with he combus on 9 s brough up to 

th su f ce nd rele sed to he il mospher . 

h h s ar of this : ~ ogram , a key d cis10n was made to 

d v lop he direc ty o ste m nera or The reasons for 

this choice include : 

Ano h r contr C or pursued v lopment of n indirect sys em . 

2-1 
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Figure 2- 1 . Basic Steam Generation ~1ethods 



1. 

2 . 

3 . 

h combus ion 

9 s s injec d in 0 h form ion (inst d 0 b in brou h 

up nd releas d at the sur ac ), 

o ppr S5 d . 

Downhole Hdr w Direc 

elimin es th need fo ownhole 

ddition , since h combus ion 9 s 

the sur ce , he llb s r ng confi 

mospher'c polluLion is 

con ct hea r ns 1" 

he exch nc; r . In 

is no brou h up 0 

ur ion is simpl r. 

Re~uc d Corrosion Po B cause tr nspor 0 the 

combustion as is no r quir d , xposure of sys em h r w re 

to this h'ghly corro~ive product is red ly reduced o 

The main dr wback of th ir c me hod is th combus ion 

kes place a he inj cion pr 5S re nd so he power requ1red 

tu compress the cumbus ion oxidizer is h 'gher than with the in­

direct method. This increas in compression pow r -- which is 

fundament 1 cons quence of th inj c ion of combus ion gas 

into he formation - - represcn s h pric to be id fo:-

the forementioned, and any 0 her desirable fe ur s of the 

dir ct syst m. 
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St m is g n ated at h res rvoir sand ac. by mans 0 

a downhole team cener tor (F1 ure 2-2) . Th oxidizer, u I nd 

w er flows equired by h steam generato~ re establish d nd 

controlled a the surfac and su~plied through mul i-strin 

ubing sys~ .m. Although eith .r air or oxygen can b us d s th 

oxidizer, his dev lopm n ro r m consid rs only air which is 

sqpplied bv compressor ha rov'd s he low the required 

'njection pre sur. Th co~trol sys em monitors h~s flow a 

th r uired in~ c ion pressure. Th· con rol syst m monitors 

h ' s flow nd ~ gu" tes he fuel and w ter flow to main ain h 

precis ir-fuel n air-w ter ratios n d d or c e n combustion 

nd high qu li y seam gener ion. The air, uland w ter th 'n 

flow 0 h steam ener or through th multi-string tubing 

~ys em. A th st am gen rator, he fu 1 burns in he presence 

o air nd tl~ r~s~ l ing hol combustion gases then mix with the 

spr yed water , c using i to vaporize into st~arn. The mixtur 

of stearn and combus 'on gases th n ~n ers in 0 h formation . 

Th pac er is 1ncl de i~ h system to prevent th~ s earn and 

combus ion gas s from 1e ~ing b ck u the wellbnr . 

2.2.1 The S am G~nera or 

A key component of th sys em is the downhole steam gen~r­

a or . Th presen design (Fiqure 2-3) lIas undergone m ny days 

of simu1a ed 10wnh010 tes ing ~sing 2 fuel . An early prototype 

of the combustor section w s also run for a brief period (about 

1 hour) on heated Kern River Crude (120 API) . 

2-4 
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The steam g n ra or is ivid in 0 wo sections: he 

combus or nd the vaporizer . Pressurized fuel is sprayed into 

h combus or through an a omizing nozzle. Approxim tely 15 

percent of the combus ion ir flows axially aroun h fuel 

nozzle and helps carry the a omiz d fuel into the combustion 

zan. In his zone, it mixes with the remainder of th 

comhustion air which is inject hrough tangential orifices . 

The mix ure han igni s and passes through a flame-stabilizing 

v n uri. The func ion of the venturi is 0 ensure that th 

flam is not blown back or blown ou under changing conditions . 

The hot comhustion gases, inclu · ing any unburnt hydrocarbons, 

now p ss through a long hot cer · mic-lined section of the 

combus or. The swirl and long residence time in this hot zone 

promo e he comple e combustion of any unburn~ hydrocarbons . 

The hot comhustion gases then enter the vaporizer . Preheated 

wa er from h surrounding jacket is lnjected into this section 

and vaporizes in 0 seam. Finally, the ste m and combustion 

gases exi from the steam genera or and enter into the forma ion . 

Because he comhustor, under optimum opera ing conditlons, 

produces prac ically no soot, the exhaust products can be 

injecte into he reservoir without fear of degrading the 

na ural porosity of he formation. This reduces the pollutants 

that would otherwise be released to the atmosphere . In 

addition, the exhaust gases may interact with the oil and 

produce a faster reservoir response. 

2-7 
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2.2.2 Th Packer 

The pa~ker as em ly is hown in Figure 2-4(a). It consis s 

of two compon n s: tubing anchor nd seal mo ulc. The 

anchor is of conventional design; Imost any comm rcinl unit can 

be used. The al modul consists 0 a set of annul r ies h t 

hol ~ two metal ealing rings. Th rings r cxpande 

hydraulically by pr surized fluid ( t bout 10,000 psi) supplied 

hrough a 1/4 in. 1i . control line from the surface. As the 

fluid en r he se 1 module, the inner section of the ring 

x rudes hrough he die n forces he outer section 0 increase 

in iame er un il it con acts th well c sing to form the seal 

(Figure 2-4(b)). 

The rings are of a composit construction; thr e differen 

m terials arc us d in their manufacture. The inner section 

(aluminum) forms the hydraulic seal and preven s fluid from 

leaking p s he die. Aluminum provid s the plasticity (low 

yield 5 rength nd duc ill y) n edc for reliable sealing. The 

ring body ( itanium) serves as the main load-carrying member that 

resis s seam pressure. Titanium provides the necessary 

combin ion of high-temp r ture str ng h, uctility and corrosion 

resistance. The outer lip (copper) serves as a soft metal seal 

e wepn the packer nd the casing. The lip m terial and con­

figur,\ ion provide a tight s al in irregular, worn and out-of­

round casing, and permit the packer to be re rieved (by upward 

pull) without excessive force. The use of copper also protects 

2-8 
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th lip from galvanic corrosion when ill contact with the steel 

casing . 
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2 . 2 . 3 The Control Sys em 

The con rol system for the seam gener tor has three parts: 

two equipment skids and a control console . The system is shown 

schematically in Figure 2-5 . The equipmen skids are made up 

of the pumps, valves and other items needed to supply the steam 

generator with air, fuel and wa er. All flows are controlled 

by flow regul tors which consist of electropneumatic cOltrol 

valves connected to flow sensors in a closed loop configur tion . 

This ensures tha the flow is ccurately regulated in spite of 

any disturbances in he sys em . 

Th first equipment skid (air skid) controls the airflow . 

Pressurized air from the air compressor is brought to this skid 

and goes hrough an air dump valve . Airflow to the burner is 

thus re ulated by venting any excess air from the compressor 

to the tmosphere . The dump valve control signal is generated 

at the co. lcrol console by comparing the measured flow with the 

controller se poin. The second equipment skid (fuel and water 

skid) es ablis~ .es and controls the fuel and water flow . Fuel 

from he tank goes through a filter and is pressurized by a 

positive displacement pump. A backup fuel pump , connected in 

parallel, switches on automatically in case the primary pump 

fails . The pressurized fuel then passes through a flow regula or 

that is controlled from the control console . The regulated fuel 

flow is then delivered to the steam generator . The water supply 

2-11 
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sySL m is similar to th~ Eu'l syst m. T dt d w~ r is brough 

o he skid , passes throu(h fil r, is r ssuriz d by a pump , 

con roll d - Y the flow egul or , nd eliv r d 0 he s e m 

q ner or . 

Th con rol console llows the op ra 0 o con rol h 

ion sys em , and monitor n 

variabl s . T Iso lerts he op r or b 

visu 1 1 rms of ny sys em bnormality , 

record he impor nl 

me ns of udible and 

nd u om ieally akes 

e action, wh n nece sary , to c v rt c tastrophic sys m 

ilure . Th consol i connect d to h eauiproen skids by 

m ns 0 um ilical c bi s . 

Th r quir d v lu s of he process con rol vari les re 

es blish d by indice 1n s _ -poin controllers , which allow 

iven peram er lev I 0 set on a di 1 . The measured value 

of h v ~i 1> is Iso displ yed 0 check con roll r op ration . 

Th main control variabl is airflow , which establishes he 

firing ra 0. The 0 her contral v riables ar th air-fuel 

dnd « ir-w er r tios . Th air-fuel ra io , which for stoich'ome ric 

combus ion is a charac eris ic of a given fu 1 , is only changed 

wh 11 th~ type of fu 1 is ch Iq~d . The air-w ter ratio sets the 

wa er flow (for a giv n h a out u ) and thus de ermin s the 

r te of seam 9 nera ion and he s am quali y . These parameters 

(firin rate , seam outpu a quali y) are also displayed , 

101Ig with several other var1ables such as fuel flow , water flow , 

system pressures , etc . Key vari bles are also recorded by 
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hree multi-ch nnel s rip-char record"rs . An alarm sys em 

with an nnuncia or is provided 0 ale he oper tor to bnormal 

condi ions . The nnuncia or prov'des visual and aural 

ler ing signals for seven system abnormalities , ~ncluding low 

fuel or water low , filter block ge , system overpressure , etc . 

Cert in con i ions , such as low fuel low causes he backup 

pump 0 take ov utoma ically . Other condi ions like low 

wa er flow , i 1 f ' uncorrec ed , c use the sys em 0 shut own 

o avoid combus 0 )u rnout . 

The power swi ches thHL activate he various parts of 

he system (pumps, con rollers, e c . ) re lso loc t d on the 

control consol to maximiz opera or convenience . 
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2 . 2.4 Th~e~T~u~~S~t~r~i~n~~ 

The ube string desi n con ains s v ral f ur sound i 

o shore risers and 0 her sys ems wher indus ry has success ully 

us d mul iple string ubing for a numbe 0 ye rs . Th b sic 

confi ura ion (Figure 2- ) consis s of a side-by-side arrange­

men of join ed API pip or he air an wa er su ply. Th 

larger tube (2-7/8 in . di . ) is for ' h air; s i me r chos n 

s 1 ge s space allows 0 reduce the pressure dro The sm 11 r 

ube (1-1 / 4 in . d ' a.) is for he wat r . Th fu 1 end ck r. 

hydraulic luid ar su plied th ough sm 11 di . con inuous 

ubing (3/4 in . ali 1/4 in. dia . respectiv ly) s rung lon sid 

he join cd pipe and r s rain d a regul r in rvals by a band .d 

collar . The func ion of he collar is to su por he ubing. nd 

center the tube bundle. ~~ optiona~ electrical conduit (not 

shown in Figur 2-6) is a so included in the design to 

conn c with any downhole instrumentation ( hermocouples) . 
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2.3 Th rmod namic 

A hermody amic naly i of h downhole s am 9 n r ion 

!':yr: m ha n carri d ou . A summary of h naly ical mod 1 is 

iv n in /lpp dix A. Figure 2-7 giv s an indica on of th 

th rmal ffici ncy of h sys m s func io of he inj c ion 

pressllre. A can s n, a ou 50- 0 of h h a in h fu 1 

app ar as h a n h Ipy) in the s eam . Th r maining h a i 

u. d 0 run h prim mov r anc'l compr ss th ir 0 inj c ion 

p eSSllr (35-40 ) , and hea h produc s of comt.u ion (-5 ) . 
0 h r charac ed ic of not i", ha h 5 am (partial) 

pr Sflur is 1 s than he inj ction pres ur caus he s earn is 

mixed wi h h xhaus gases (N2 and CO2 ) and h nc has a 

par ial pr sur 1 o \oJ :- ha n h 0 al pr sur of he mix ur (Law 

of Par ial Pre ures). Th s e m par ial p" "'sur s a func ion 

of h inj ction r ssure is hown in Figur 2-e . Th 

orr sponding partial pressures for N2 and CO 2 ar also 

~how . By d fini ion (App ndix A) , the sum of h hre par ial 

pr ~ur quaIs hf' 0 al j j ction pT ssure. Th am 

mp rature, which is th sam as he mix ure temperatur , is 150 

.h wn in Figur ?-

T folJowing ~onclusion~ ~ rg from h analysi. of downhole 

tea m 9 neration. 

a. T h rmal effici ncy of he process Ii s Detw n 55- 5 

if 0 h the h at in h steam and xhaust 9 s ar 
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con ira. If h h t n he at m n xh ust g a is 

xcluo ,th fficiency d cr s s by abou 5%. 

b. In high pressur r s rvoirs, the th rmal fficiency of 

c. 

ownhol s e m -- unlik surf c seam -- is no strong 

unc ion of he res rvoir p h or ubing 1 ngth, for 

vi ted wells ( ee Figure 2-7). 

High ownhol s e m qu 1i y is 

it is indep ndent of th depth. 

asily es blish d sinc 

Wi h surf c st am 

g neration, st m qu 1ity decr I SS with dep h, making i 

iffjcul to m in in high ownhole ste m quali y in de p 

wells. 

d. Since no hot fluid is tr nsported on h su ·. ce, the 

uphole equipm n , including air compressors , can be 

loc ted remo ely and pressuriz d air , fu 1 nd w er 

piped into the wellh Wi h sur~ c s earn, remote 

loc tion of he s m gen r or is im r ctic 1 due to 

excessive hea loss from .n surf c piping. 

e . The absence of steam in th wellbore h s two beneficial 

effects: it eliminates hermal s ress in the casing both 

due to normal hea ransfer and ue to s e m leakage, and 

i avoids heating the surroun fng ground . 
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f. The mount of pollu ion con rol equipment is minimized. 

Th injPc ion of combustion gases in 0 he reservoir 

eliminates he n ed for any flue g s scrubbers for he 

s m generator. If compressor engine exhaust is of 

concern, hen electric lly-pow red compressors c n be 

consi er~ to elimina e all pollution con rol equipm n 

nd simplify the permi ting process. 

g. Th presenc of exhaust gases (C0 2 and N2 ) in the 

injec ed produc s could hav a positive effect on oil 

recovery. Under normal conditions, their effects are 

fplt 0 b minor. However, heir influence at high 

emperature and in combina ion with steam has not ye 

b en es ablished. 
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3. STEAM GENERATOR DEVELOPMENT 

3.1 Combustor Concept 

In or r to chi v the design go ls iscuss in th 

preceding section, it w s nec ss ry to develop comp ct combustor 

th coul burn No. 2 fuel oil (and possibly heavier fuels) 

cleanly wi hout excess air. The conventional approach to this 

pro lem woul be 0 use pr mixed-prevaporized burn r . In this 

type burn r he ~uel is a omized, mixed with he combustion air 

nd p rmitte 0 vaporize prior 0 ignition. 

mix ure is ignit and the flame is s abilize 

Th ir-fu 1 vapor 

by th 

recircula ion flow in the wake of a bluff body or perfor ted 

pla e . The well mix d ir an fuel vapor permi clean burning of 

he fuel even at the s oichiome ric air-fuel ratio . 

Unfortunately, the requirement h t he downhole steam generator 

combustor must operate pressures up to 3000 psig , precluded the 

use of the premixed-prev porized concep. The high pressure 

operation brought about the possibili y of autoigni ion of the 

air-fuel mixture with delay times too short to permit adequate 

prevaporiza ion and uncertain enough to make proper location of 

the flamehol er impossible. Figure 3-1 plo s autoigni ion delay 

times of various fuel oils s a func ion of pressure and 

tempera ure. It can be seen that for pressures rlnd emperatures 

of in erest, delay times on the order of 5 0 10 milliseconds 

could be expec ed . 
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end of this report . 
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In or r 0 avoid he probl ms associated wi h short 

autoigni ion oelay times and inadequa 

igni ion, concept was g n r ted for 

fuel v porization prior to 

burner which should b 

rela iv ly insensitive to th gr e of fuel prevaporiz tion. 

This concept is illustr t d in Figure 3-2. Fuel is intro uced 

axially through an atomizing nozzle into the mixing chamber where 

it is subjec ed 0 a highly turbulen rota ing irflow. The 

ro ing irflow is es ablished by admi ing the ir tangentially 

in 0 he mixing ch mber . In d i ion to simply promoting he 

mi~ing of fu 1 and air, he high rela ive velocity between the two 

s r ms creates high sh ar s resses which id in the breakup of 

h larger fuel droplets. 

A ven uri is locate t the discharge of the mixing chamber. 

~he ro a i n airflow coupled with the divergent section of the 

ven uri creates a~ exp nding vortex. The expanding vortex creates 

a low pressure zone at its axis; this low pressure zone generates 

a recircul tivn zone in which the axial flow of air and fuel is 

reversed. This recircula ion s bilizes the flame front by 

bringing ho gas in .. on act with the incoming air-fuel mix ure and 

causing ignition. 

Once the air-fuel mixture is ignited , hot combustion products 

will recirculate back toward the mixing chamber and ignite the 

air-fuel mixture as i discharges from the chamber. The use of a 

vortex generated recirculation to stabilize the flame front does 
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aw y wi h hd need for a bluff body or p rfor ted plate flam e 

holder. Th bsenc of a flame hoI er removes sites on which 

fuel roplets could aglomerate from he Durner design and thus 

incre s s the probability of soo -free performance. 

Some soot will be formed in fuel rich regions of the primary 

combustion zone which result from fuel drople size variation 

caused by ncertainties of he atomization process. Any soot 

formed will be consume in he hot walled section of the 

combus ion chamber. The combustion ch mber has insulated walls 

to produce in ernal mperatures high enough to ensure that 

combustion reactions are no rate limited and is long enough to 

provi he resi ence time for the relatively slow (diffusion 

controlled) solid-gas reactions to procee to completion. 

For feasibility esting, dense high purity alumina 

(A1 20 3 ) was selected as the fireside liner material of the 

combus ion chamber . This material is quite durable at high 

tempera ures bu has poor insulation properties. To overcom 

this we kness, th alumina liner was backed up with a layer of 

lightweight, castable alumina refractory insulation. The 

cas ahle material does nut have the structural qualities of the 

high density material but has an order of magni ude greater 

resistance to hea flow. The castable material was encased in a 

me al sleeve in order to give structural streng h 0 he 

comhust'on chamber. 
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3.2 y Testing 

3 . 2 . 1 Introduc ion 

An aerodynamically scaled version of he combustor concept 

designed to opera e a atmospheric pressur was fabricated . 

This mode] pprmitted the effect of fuel atomiza ion quality, 

air veloci y and flow rate on the flame s ability and the com­

bustion process to be assessed. A photograph 0 this unit is 

shown in Figure 3-3. 

A series of qualitative tests were run to demonstra e the 

stable operation of the combus or. Quantitative tes s followed 

o verify tha the combustor had performed as well as it had 

seemed 0 on visual inspection and to quantify i s behavior in 

terms of uel-air ra ios and emissions. 

Emissions were moni ored using a Scott continuous sampling 

gas analys~s system which included 0 , CO " CO and total hydrocar­

bon (THC ) analysis instrumentation. Soot was measured with a hand­

held Dwyer smoke guage which drew a fixed sample volume through 

a piece of 5 micron filter paper . Particula e level was deter­

mined by comparing the color of the used filter paper to a 

standard . The comparison produced a smoke number ranging from 

o to 10, with 0 corresponding to no detectable soo . 

3-6 



Figure 3-3 . I mos h ric Combus 0 nd Con rols 
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Two seri s 0 qu n i ive tests wer conduc ed. Th firs 

w s smoke point tes s which d rmined the equiv lenc r io 

which soo b carne d ec able. Equivalence ratio (c) is defined 

as he ratio 0 s oichiome ric or heoretic 1 air-[u 1 ratio 0 

he actual air -fuel ra io . Th s cond series determined the 

sensi ivi y of burner perform nc o tomiz ion quali y . Th s 

es s ar summarized in th following sec ions. 

3 . 2 . 2 Smoke Poin Tests 

The purpos 0 he smoke point test was to de r!'iline the 

equivalence ratio a which smok began 0 appear in the combus or 

exhaus . These t sts were performed at two fuel flow ra es using 

both pressure and air atomizing fu 1 nozzles. A ach fuel flow 

clean (soot-free) opera ing point was found , and then the ir 

low decre sed in s eps until measurable amounts of par icula s 

began 0 ppear in the exhaust samples. Typical da a rom h _se 

tests are shown in Table 3-l. A smoke number of 0 indica es that 

essentially no particles were cap ured by the 5 micron filter . 

A pressure atomizing fuel nozzle was used for these es s . 

Two fu 1 flow rates were used: a high flow close to the nozzle 

design point and a low flow approximately half the nozzle esign 

flow . The tes results show hat at uel flows close to the 

nozzle design point soo free opera ion could be maintained even 

with sligh ly substoir.hiome ric air-fuel ratios (c > 1) . While 

a the low uel flow ra e a small amount (- 0 . 5%) of excess air 
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w 
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\0 

T st 
o. 

1 

2 

3 

5 

6 

7 

8 

9 

10 

Fuel 
Flow 
Ib/hr 

6.34 

6 . 34 

6 . 3 

6 . 3 

6.24 

3.50 

3.68 

3.68 

3 . 50 

3 . 50 

TABLE 3-1. Automization Quality Test Results 

Equivalence Gas 
Ibm air Ra io Tern CO CO2 
Ibm fuel e: of p m " 
14.40 .9802 2420 800 15 . 01 

14 . 28 . 9882 2 40 1000 15 . 03 

14 . 0 1.0014 2440 1700 14.90 

14.02 1.00 3 2395 2300 14 . 89 

14 . 00 1.0076 2315 2500 13 . 91 

14 .4 5 . 9765 2050 600 15.50 

-- -- 2130 -- 15.~0 

14 .45 765 2110 600 15.50 

14.18 . 9949 2100 1200 1 .86 

14.05 1.00 3 2050 1900 15.17 

02 THC Smoke 

\ ppm o . 

0.52 10 0 

0.35 12 0 

0 . 09 13 0 

0 . 02 10 0 . 5 

0.01 17 

0.61 11 0 

-- 14 0 

0 . 61 11 0 

0 . 21 11 0.5 

0.05 400 8 . 5 
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was need dons re soot fr op r ion. This som'wh poor r 

performanc t the lower u 1 low rate w s ribu _ to h 

d gr ded fuel omiza ion . How v r , ven the lower fu 1 flow, 

he oxygen cone n r tion in he combus or exh us w s less han 

0 . 5% . 

The smok poin t s s showed h t he combus or per ormanc 

w, s rela'iv 1y indeF nden 0 omiza.ion qu li y. Th purpose 

of his seri s of sts w s to u ntify h beh v'or . An air 

tomizing u_1 nozzl w,s us or hes tes sand .omi zing air 

pressure was v,ried in order 0 V' Y he atomiza ion quali y . 

Smoke me surem nts were m de s in he Smoke Point T sts. Th 

data from these t s s are pr s n d in Table 3-2 . The combustor 

o era ed soo fr while tomiza ion air pressure varied from 

10 to 3 psig . Op r ion t he 1 st two poin s (0 and 1 psig) 

w s soo y: h s points corresponded 0 h poorest uel 

a omiza ion. Atomiz tion is irec Ii propor ion 1 to he om­

lzing air pressur with this ype nozz1 . Observation of th 

flame during hes ests reve led h the flame became less 

ransparen nd more luminous as he a omizing air pressur~ was 

reduc d. This chang indicat d hat more soo was forming in he 

combustion zone s he atomiza ion w s degr ded . However, th~s 

soot was consumed in he combustor until he tomiza ion qua1i y 

was severely degraded (i . e . less than 3 psig a omizing air 
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TABLE 3-2. Au omiz ion u Ii y T s R suIts 

T s Fu 1 ibm air p * G Ii C.O CO2 02. THC Smok 
No . f'low Ibm fu 1 ([J i ) T mp urn pm No. 

1b/hr of 

1 8 . 52 14.28 883 10 2500 1000 1').51 0 . 35 12 0 

2 . 52 14.2 884 20 2510 1000 15.25 0 . 3') 11 0 

3 8.52 14.28 .< S90 10 2530 1000 15.18 0 . 3 11 0 

4 8 . 52 14 . 25 < 05 5 2530 1000 15.10 0 . 30 13 0 

5 8 . 52 1 .32 53 3 2540 00 15.02 0 .41 12 0 

8 . 52 14. 837 0 2 50 1000 15.02 0 .4 5 12 . 5 

7 8 .4 2 14.28 880 1 25 0 1000 15 . 18 0 . 3 12 7 

"a temlzln air 9 P res sure 

pressure ). This eh rae eris c is a k y re uirem nl f0r the 

ul im te d velopment 0 cle n burning, h vy f uel combustor . 

3 . :3 ion 

Onc the tmospheric s in had demonstr ed he success ful 

oper ion 0 h sHirl st bilized combustoL , he combu s or conce 

w s incorporat d in he design of a downhole s e m genera or. 

A w r j ck and ste ming sec jon were added 0 he eombus or 

wjthout ch .~ ing i s b sic design . Thjs downhole steam gener or 

onc p is shown in pi ure 3-4. A pro 0 yp s am gener or of 

his d ·sign was abriea ed and a con rol sys em assembled to 

permi esting of he seam gen r tor mod rate pressures 

(~ 500 psi) nd fi ring ra es (~ 5 ~1BTU/hr) . The control sys m 

p rmltted the s earn genera or airflow , water flow, fuel flow 

nd op ring pres sur o b controlled i ndep nden ly . Air, 
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Figure 3-4. ~he Downhole Steam Generator -- In~ ial Design 
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fuel and wa r wer suppli d from pres uriz d t nk. In this 

blowdown mo 0 operat i on, test dur tion was limit d to 

appro xima e l y tw n y minut s t the maximum firing r te by n 

siz of he ir accumula or. 

uring atmospheric tea ing, 

ins rting an oxyacetyl n torch 

locat n ar th combustion zon . 

h combus or was ignited by 

hrough a hermocouple port 

This proc ure could not be 

u ed with th prototyp st am g ner tor since he water jacket 

pr cludd direc acc ess to th combus t ion rhamb r. High volt g 

spark igni ion was consid r d, but the difficu1 y expected in 

ma'n ain i ng a clean el ctrod couple with the r la iv ly high 

di Jec r'c conct nt of air t he eleva ed pressures expected in 

downhole oper ion lpd to he selection of a hyperg o lic ignition 

system. This system used a hvpergolic luid, tri hylborane (TEB) 

to ini ia e combustion in he combustion chamber. 

In practice, a sample flask filled with a 50-50 mixture of TEB 

an dies 1 fuel oil was placed in a piping loop which parallels 

he primary fuel ine. The entire fuel syst~m was filled with 

i sel fu 1 oil to purge 11 ir from the system. Air and water 

flows were established to the steam genera or. Fuel flow was then 

initiate through he sample flask. When the TEB-fuel mixture 

contacted the air in the combustion chamber, the TEB ignited 

spon aneously, providing the ignition source for the fuel oil. 
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Thic ignition roc dur was u ed hroughou he d·v 10 men 

program. I ha t desired f a u of r quiring no downhol 

com on n 

op r~ ie . 

yond hos ne d d during E ady s a com u or 

Thi Y m ~;a u d to conduc h ini ia] el va d 

s lng of the s am 9 n ra 0 . I 'uS su seq n ly modifi 

h addi ien of fu ] and wat r um and an air COIT'Pl sscr 

cen c ion 0 rmi ext nd d duraticn ing a pr ssur s 

1500 p ig . Th ari 0 u s s and r rl..l S ar discu s d ir. 

follcwing s ction. 

au 

d ia 

p to 

h 

In i i a 1 ~~ firi S ~f h s alT' 9 nera or w r conducted at 

175 sig, a iring rate of 1 . 25 JMBTU/hr and a st am ~uality of 

eo,. In addi io . 0 moni oring the air , fLi 1 and w- cr flow ra t Q 

anC' st am 9 n rator 0 erating r ssur , xhausl 9 s -nalysis for 

('2' (,C
2 

a C CC wa perforJl1 d 0 h s am 9 rator cxhaus . 
r liod i c grat Sel n, 1 s Co exhaust c d n a 'N e ak n c 

det rJl1in pH and ass ss he cl anness of h combustion . 

Ce~ reI t ~ts of 20 to 30 m1nu e c dura ion w€r conducted , and 

he internals of h s am gen ra or were examined after each test 

o assess any ructura] chang or damag . Th r suIt, ef th s 

t sts w re very ncouraging. The corn ustor p rfermanc was 

~ilT'iIar to ha observ d i th atmosph ric pre sure tes 
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in hat combustion waR s able and cle n at stoichiom ric con­

ditions. No structural problems were no ed nd no roblems w re 

encoun ered generating 80% qu li~y ~team . 

The es conditions were hen changed to an operating pressure 

of 250 psig, a firing ra e of 2.5 MMBTU/hr, the 80 % quali y 

steam was maintained . Again sever 1 tests of 20 to 30 minu es 

dura ion w re conducted . The operation of he combustor was 

similar to that at 150 psig with no problems noted . However, 

examination of the combustor in ernals reve lee several cracks 

in th luminum oxide combus ion chamber liner after he first 

of these tests . These cracks were compressive in nature and small 

pieces of aluminum oxide had been spalled from the edges of each 

c ck. Inspection after subsequent tests revealed a general 

de rioration of the entire surface of the aluminum oxide . The 

surface ppeared flaky and spalled vvcr its entire surface. At 

this poin 

s tisfy h 

it was apparent hat the liner design would not 

design goals and testing was stopped. The liner 

design was reviewed 0 assess he failure mechanisms and eval­

ua e potential solutions. 

The conclusions of ~his review were that two independent 

failure mechanisms were at work and h any ~uccessful design 

would have to address both of them . The compressive cracking 

was caused by the thermal exp nsion of the liner being restrained 

by the refractory insulation and water jacket . The temperature 

of the water jacket is about 600°F less th n the metal sleeve 

3-15 



L 

ha res rained the tmosph ic pr ssure combus or. The reduced 

t .. rmal exp nsion of he metal jacket in the s , m 9 nera or 

led to excessively high compressive stresses. 

The cause of the general spalling was not s readily d er-

mined as that of the compressive s ress failure. Examina ion of 

pieces 0 the failed liner by Sandia ' s Materials Labor ory [~ 

showed severe chemical attack at he grain boundaries of he 

aluminum oxide. This attack caused a significant reduction in 

the strength of the material and made the surface somewha 

friable . The conclusion was that the weakened condition of he 

m erial coupled with the high compressive stress led to pieces 

spallil.g from the surface. 

In the course of investigating ~he liner failure mech nisms 

n additional series of ~ests w s run using a fr.eely supported 

liner . The liner tested was an aluminum oxide ube id n ical 

to he one cas into he prototype seam generator . This tube 

® . f' . 1 . was wrapped in a layer of CERABLA KET ceram1C 1ber 1nsu at1on* 

and 1nserted inside the steam genera or wa er jacke . The goal 

was to observe he performance of the aluminum oxide liner in 

the absence of any externally imposed compressive stress. Four 

test firings of 20 to 30 minutes dura ion at a firing rate of 

2 MMBTU/hr and pressures of 150-250 psig were made . The liner 

fractured on the firs test into approximately 40 symmetric lly 

shaped pieces (Figure 3- 5 ) ; the pieces remained in place during 

the three subsequent firings . The failure mechanism appeared 

*A trademark of Johns-Manville 
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Figure 3-5 . Unrestrain~d A1 20 3 Combustion Chamber Liner 
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o have be01l tensil cracks resulting from therm 1 shock. 

However, analysis by San ia's Ma erial Labora ory [2J indicated 

h t h cr cks could be shrinkage cracks produced by sin ering of 

he aluminum oxid . In any even , there were no comp essive type 

failures and here w s no Apalling of the hot surface of the liner 

as noted in he proto ype . Examination of the luminum oxide 

crys als in the vicinity of he cracks revealed evidence of a 

vapor tr nsport mechanism c using mass transfer of he aluminum 

oxide and he same type intergranular attack no ed in the 

prototype. This phenomenon would ultimately resul in a weakening 

of the int rgranular bon ing and failure of the liner. 

Two new liner concep s were generated based on the results of 

the tes s of the cast-in-place and ceramic fiber supported 

liners. The firs concep, shown in Figure 3-6(a) incorporated 

the following features: 

• A high densi y, high purity, segmented aluminum oxide 

(McDanel 998 Alumina) inner surface 

• Reduced insulation compared to previously tested liners 

• A metal sleeve t~ support the aluminum oxide 

• An air gap between the liner's metal sleeve and the steam 

generator water jacket. 
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The higher nsity nd purity of he luminum oxid would 

minimiz he susc ptibility of he m trial 0 chemic 1 a ack of 

he gr in bound ries. The segm nts (rings in this c se) would 

reduce the magni ud of therm lly induced axial stress. Reducing 

he insulation (c stable refr ctory) was don 0 reduc th 

surface empera ur of the aluminum oxide and hus reduce i s 

ch mical degradation. The me al sleeve provided structural 

support for th aluminlm oxide and a compressive forc to prevent 

t nsile cracks from developing. The ir gap permi te he metal 

sle v 0 expand s it heat d and thus limit h magni ude of the 

compressive force to which the aluminum oxide w s subj cted. 

he second concept, shown in Figure 3-6(b), used he metal 

sleeve and air gap arrangement of he first concept to provide 

s ruc ur 1 support an control compressive forces on the liner . 

It differe1 in that silicon carbide (carborundum REFRAX-20) was 

used to a dre~s the problems of thermal stress an ch mical 

stability at hot surface of the liner. Liners of both designs 

were fabricated and the steam genera or modified so ~hat the 

liners could be interchanged. 

A total of 5 test firings (total elapsed time - 4 hours) were 

conducted using the aluminum oxide liner. Firing rate was varied 

from 1.25 0 2.5 MBTU/hr a pressures from 150 to 300 psig. No 

degradation or structural dam~ge was noted on the luminum oxide 

following the first test (1.5 hours a 1.25 MMBTU / hr). However, 
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inspection after each subs quen test revealed n ever inc~easing 

numh r of h irline cracks in h luminum oxide . Post es 

examination of pieces of his luminum oxide by Sandia's Ma erials 

L hora ory (3J indica ed that hes cracks were tensile in na ure 

and h 11 s ar ed t the inn r surf ce of the liner. The 

cooldown transien which occurs on shutdown would be he only 

v nt which could generate tensile stress at the inner surface of 

the lin ri an , th refore, this herm 1 r nsient must be the 

cause of he cracks. In ad i ion, it was observed that all of he 

cr cks occurre along gr in boun aries and h th grain 

bound ries ppeared to h ve been weak ned by chemical attack . 

This ch mical ~ttack was no nearly as aggressive as that no ed in 

he arlier liners. 

It was felt h~t hese tensil cracks could be eliminated by 

some dim nsional changes in he liner's metal sleeve which would 

place he liner in a high sta e of compression at the start of the 

cool own transient . This remedy was not pursued due to concern 

over the long-term chemical s ability of the aluminum oxide nd 

bec use of he superior performance of the silicon carbide liner 

in he subsequent series of tests . 

A 0 1 of 7 test firings (total elapsed time - 7 . 4 hours) 

were conducte using the silicon carbide liner during this phase 

of testing. hgain, firing rate was varied from 1 . 25 to 2 . 5 

1MBTU/hr at 150 to 300 psig . Examination of the liner following 
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th first test revealed a few h irline cracks wi h r ndom 

orien tion . In addition, a glaz 0 sjlicon ioxi w s not d 

ov r almost he ntire surface of he silicon carbide. The only 

region nn gl z was he first few inches downs re m of he inlet 

venturi . Th lack of a glaze in that area is indicative of th 

lower surf ce t mpera ure exp c ed in this region du to flow of 

relatively cool air near the combustion chamber wall. 

Inspec ion fter e ch subsequen est showed essentially no 

ch nge in he appe rance of th liner. Post test examin tion 

showed h there had been no imensional changes nor was ther 

any chemic 1 a tack of he silicon carbide liner. 

Base on h encouraging resul s of the ests with he silicon 

carbide liner., it was incorporat d in the design of steam 

generator which would be used in long-term, high pressure tests. 

The design of this steam gener tor was the same as that used in 

previous tests with the exception of the location of water 

injection in the steam generation zone, the method of assembly of 

the swirl~r head and the ability to use either a pressure or it 

atomizing nozzle. As illustrated in Figure 3-7, the multitude of 

water spray nozzles was replaced with a smaller number of larger 

orifices located immediately downstream of the combustion 

chamher . The initial design was modified because of a concern 

that the sm 11 passages in the water spray nozzles would be prone 

to plugging by corrosion products from t~e water supply line. The 
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WATER--........ 

ATO~lIZING AIR ----...... 

FUEL OZZlE ---. 

SWIRL AIR ---. 
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GENERA nON 
ZONE 

Figure 3-7. The Downhole Steam Generator - Improved Design 
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rg r flo w p S8 9 0 i n h orific shoul 1 t such p r icul e 

m eri 1 p Th swirl r h d w s f ric d s wo-pi c 

ss mbly in ord r 0 provide he cc sa n cess ry to w 1 :.0 

wa r j eke in 

T sing of his s 

hi r por . 

~ gen r or ia discuss d in Scion 6 of 
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4. P. ' ~l{r:R DEVELOPMENT 

Th func ion of 

f om 'e k ' ng b ck up 

dis inc subass mblies 

h 

h 

r 

pack r is 

wellbor . 

o prevent 

To chi v 

usu lly inclu ed in 

r ssurize s m 

his nd , wo 

h p ck r d si 

1 . A salin element (usu - lly made from n 1 s orner or 0 h . r 

non- m 1) is xp nd radi lly ill i presses gins 

h well casing nd pr v n s low up the annulus . 

2. An nchoring mechanism (usually a set 0 s rra ed slips) 

hat is d ployed ou w rds to bi e in 0 th c Ring , r s s 

he pressur force , nd hold he p cker securely in pl c 

For h downhole s m pplica ion , h p cker mus se 1 

reliably under the pr ssure and emp ra ur condi ions given 

below . 

• Differ n ial Pressure - up 0 3000 s; 

• Temperature - up to 650 0 P 

Other requirem n 5 include the ability 0 withs and he 

corrosiv do~nhol environmen , 0 be retriev d and reused 

(after redressing) , and to be compatible with 7 " well casing . 
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ni j lty, x sing p ck r t chno10 y w s ss ss 0 

d ermin wh h r comm rc ' 1 uni could be speci i d nd inclu-

ded in . h sys em d s n . Th r su1 s ' ndic d h a1 hough 

"high-t mp r ture " packers w r b 1ng pub1iciz d by s v : a1 

m nu c ~rers, their r"tings f 11 hor 0 he 650 0 P m r ure 

specific ion r~ uir d or he downhole s e m SyR m. As fur h r 

indi~ ion , i 1d xp r1enc . confirmed th , by ' n he 

b s d si ns h d an upp r limi 0 r Jnd 500°F; emp ra ure 

which h se ling e1em n w ak n d and/or e r d d significan ly 

nd caused 1 k , P rticul r1y f er h rm 1 cyc1 ' ng (1 .. , 

r repea ed h up and cool down ssoc a ed with tr nsient 

nd/or in ermittent s aming oper 10ns) . The anchorin m ch­

nism, however, enerul1y work d w 11, even a he highest temp­

r ures encoun ered in he field. 

The abov conclusions 1n icated 

p ckers wo~ld b unsuitable or his 

h existing comm rcial 

ppl ' caLion. Thus , it w s 

cid to pursu d v lopm n 0 an improved uni ; one which 

us d a v ry dif eren pploach 0 he sealin requiremen , and 

wh ' ch 1 i w s hoped, would overcome he t mp r ture limitations 

o xis in d sj ns. Since conven ional Lnchoring m chanisms 

ppe red 0 be dequate, i was further decided 0 d ve10p only 

an improved seal module nd couple it 0 an existing ubing anchor 

o ferm he p cker ussembly. 

The ollJwing sections describe the development of the seal 

module nd the desig '\ and tes ing of the packer ss mbly. 
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4 . 2 Conc lopment 

4.2.1 0 scrip on 

The se 1 concep chos n or developmen is shown in P'gure 4-1. 

I consis ' s of circular m al scaling r'ng contain d in the 

p cker body nd exp nded plas ically by hydraulic pressure . Th 

k Y ur of this concept is ha he sealing element 1S n irely 

nd c n thus wi h s and hi her em era ures and pressur s 

h n xistin non-me 1 p ck r se ls . 

In developin this concep further , he irs sk was to 

det rmine he appropri le materi l(s) and configuration for 

th rin . The factors hat affec ring design include : 

• Expansion Pressure. Prom pr ctical standpoint , the 

hydraulic pressure n eded to exp nd the ring mus be 

restric ed 0 a value lower h n the pressure ra ing 0 

• 

the (convention 1) tubing used 0 supply th oil. Recog­

nizin hat th ring i3 0 be eployed 'by separat sm 11 

dia hydr ulic lin (described]a er) , h llowable exp n­

sion pressure s r.oul no exceed 20 ,000 psi . 

Creep Streng h . Since he se 1 mus resis he reservoir 

pressure or a prolons d period, i shculd have high creep 

s rength to preven gr du 1 deformation nd ul imate failure 

ue to plastic flow . 
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PACKER BODY 

HYDRAULIC 
PRESSURE 

BEFORE EXPANSION 

AFTER EXPANSION 

'-I.... __ -WELL CASING 

METAL 
SEALING RING 

Figure 4-1. Metal S a1 Packer Concep 
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• DucLility . The se 1 materi 1 mus be ductile enough to 

allow the ring 0 exp nd nd touch th casing without 

f ilur Ther fore , s firs order approxima ion , he 

e ong ion- o-f ilure of the ring ma e~ial must be greate 

han the increase in ring circumference (which is abou 

15% for 7" well casing packer) . 

• Corrosion Resi5 ance. The entire sealing ring -- or t 

Ie st the ex~osed parts 0 the ring -- should be made of 

materials that can resis ttack by he corrosive downhole 

nvironmen , which includes s e m, exhaust gases , brine 

nd 0 her reservoir fluids. 

A review of he above actors makes it pparent th t the 

ring design must satisfy conflicting requirements. Both expansion 

pressure nd creep strength are closely related 0 the yield 

s reng h of the material. However, a low expansion pressure 

implies low yield streng h, while hi gh creep strength implies 

th reverse. The way round his difficulty is to use a composi a 

ring, in which differ nt sections are ma of diff rent materials. 

In his w y, hat part of he rin which resists he reservoir 

pressure force c n have high str ngth, whil other parts can be 

mad to e orm more easily so as to limi he required expansion 

pressure. 

4.2.2 Ring Design 

Selection of the appropriate ring configuration and materi Is 

was carried 0 t with h help of the seal expansion test fix ure 
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shown in Figure 4-2 . The diame or of this fix ure corr sponds 

o he body diameter 0 a 7" casing p cker. Th ix ure consis s 

of a s t 0 dies th are bol ed ogether to hold he rin in 

place . Pressurized oil from a hand-operated hydraulic pum 

flows hrough assage in he top h lf 0 he die set nd 

establishes the required expansion pressur at he inn r periphery 

of the sealing ring. The oil is pre ented from 1 aking past the 

ring due to th ou ward aper in the in9 cross clion . This 

outward aper (set by the die angle s shown in Figure 4-2) 

provides an inh rent hydraulic seal . Any force tha acts to 

expand the ring also gives rise to a compressive sealing force 

between the ape red surfaces of the ring nd the die. The die 

angle determines h magnitude 0 lhis force nd is thus chosen 

above some minimum value 0 prevent leakage of hydraulic oil 

p st the ring . 

urn rous tes s ~ere carried out wi h this fixture. Three 

sets of dies were used, each naving a diff rent die angle . The 

objectives of these tests wer~ to: 

(a) Verify he feasibility and uniformity of radial ring 

ex rus~on. 

(b) Confirm he effec iveness of the tapered die in 

r venting hydraulic l~ kag~. 

(c) De .ermine the expansion pressure as a function of die 

angle . 
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HYDRAULIC 
INLET 

SE LING RING 

ANNULAR DIE 

(CLAMPING BOLTS NOT SHOWN) 

Figure 4-2. Seal Expansion Test Fixture 
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Initially, tes 5 w re carried ou wi h se ling rin s made 

o 1100-0 Alumi num (comm rc' lJy pur nnealed alum1num) . This 

rna rial was chosen or he in1ti 1 ests due to its low yi ld 

s ress an high duc 111 y. The tests confirmed the feasibility 

o th xtrus10n process . They also demonstrated ha the radi 1 

expansion was v ry uniform . This high uniformi y is fel to 

occur due to th ~train h rdening property of the me ali any 

incipien non-uni£orm~_y causes h ring to be harder (s ronger) 

wher the strain is higher , thus slowing down the expansion in 

his region and decr sing he original non-uniformi y . 

Test data w re obtained for three different die angles : 

16°, 2 ° nd 36° . With hese die angl s, there w s no le kage 

of hydraulic oil p s the die . However, it was recognized that 

hydraulic leakage would occur a some angle below 16 d grees , 

nd in any case, when he die surfaces were parallel (zero die 

ngle) . 

o h_r ch r ct listi s were also no d : 

() The hydr ulic pressur did not remain cons an during 

the test, but increased gradually as the ring expanded . 

This incre se is due to strain hardening (and other 

facto s) and , s mentiuned earlier , promo es extrusion 

uniformity. Expansion pressure values presented 

subsequently correspond to measurements taken when the 

outer diam ter of the ring had grown by 15% (which 

represen s he fully expanded condition for a 7" casing 

packer) . 
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(b) Upon remov 1 of he hy raulic pressurp , he out r 

diameter of the (expanded) ring was found to reduce 

slightly due to "elastic springback ". This springback, 

measured by a dial gau e , was in h range of 0.005 to 

0 . 01 inches . Th ffec s of sprin back on seal oper­

ation are discussed in Section 4.2.3. 

The measured expansion pressure s a function of die angle 

(or n l,'minum ring) is shown in Figure 4-3 . As expected, 

his pressure w s lower for smaller die angles , because he area 

contraction is sm ller . The minimum pr ssure occurs a zero 

die angle when the ring expands without ex rusion . This pres­

sure w 5 stima ed by extr pola ion. 
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Th expansion pressur d for aluminum were used as he 

baselin or s im ing he expansion pressures for other c ndida e 

r1ng rna rials (copper, i anium). As a firs order approxim tion, 

he pressure 0 extrude me 1 through a die is directly propor ional 

to the yield s ress. Thus, the expansion pressure for ano her 

metal is obtained by multiplying he expansion pressure or 

aluminum by the ratio of the yi Id stress. 

Material 

Aluminum 

Copper 

Tit nium 

Sp cification 

1100-0 

SB-265 

yield Stress Ratio 

1 

~ 2 

~ 3 

The xpansion pressure curves for the above met Is (copper 

and ti anium) re also shown in Figure 4-3. 

T ble 4-1 shows th seal expansion pressure for the candidate 

ring materials and presents data on othe~ relevant characteristics 

(maximum elonga ion, corrosion resistance, and creep strength) . 

The expansion pressure is shown for two key ~alues of the die 

angle : 0° and 16°. The zero die angle case is important because 

it requires he lowest expansion pressure . However, for this 

die angle, the system does not establish its own hydraulic seal, 

nd a separate hydraulic seal would hus be necessary. The 16° 

die angle case re uires higher expansion pressure, but results in 

a sys em hat provides its own hydraulic seal . 
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Tabie 4-1. Seal M~~erial Evaluation 

Expansion Pressure :-1ax llITUm 
E10nga ion Corrosion C eop 

Material 0 0 Die Angle 16° Die Angle \ Resistance S reng h 

Aluminum ~,OOO 7,000 35 Good Low 

Copper 8,000 14,000 50 Good M dium 

Ti anium 12 , 000 21,000 55 Excel1en Hi h 
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T ble 4-1 illustr te3 why no single materi 1 can satisfy 

all the pack r seal requiremen s. Aluminum nd copper do no 

have th n cessary s rength, while ti nium -- though strong 

enough -- r quires n excessive expansion pressure (21,000 psi) 

wh n th di ngle is high enough (16°) to assure a reli3ble 

hydr ulic se 1 . The requirements can however b met wi h 

p rts are mad composit sealing ring; one in which differen 

of differen materials , s shown in Figure 4-4. In his d sign , 

hree concen ric sections: the hydr ulic the ring is made up of 

seal ( luminum), he main 10aQ-carrying member i nium) and 

h sof ou ~ r lip (copper ) . The hydra uli c se 1 prevents oil rom 

leaking p st h die. Th ' s seal is achiev d by choosing a very 

so t materi 1 (aluminum) and providing a high ie ngle (30°) 

for h ' s par of he ring. In this way, the com~ressive sealing 

force b ween s~al and die is maximized . The main load-carrying 

member resis s the r strvoir pressure force. Titanium provides 

the necess ry high- empera ure str ngth and creep resista ce o 

Titanium lso h s high corrosion resistance ag ins steam, 

exhaus g ses and reservoir fluids. Since the hydraulic seal is 

provided by the aluminum el m n , the ti anium section can have 

zero die ngle. The expansion pressure for this section is 

thus reduced from 21,000 psi 0 12 ,000 psi. Fjnally the serra ed 

outer lip , made of soft metal (Copper) , serves as a deformable 

member that, when expanded , presses against the (harder) steel 

casing and conforms to it5 surface features 0 form the casing 

seal . 
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5 v r 1 compos rings w r bric d nd s d in h 

s al xp nsion s ix_ur . Th r suI s con rm d h h r'n 

xp nsion pressure w s w 11 below h 20 , 000 ps~ d sign r ssur 

limi In c , h exp nsion lJr ssur for th compt)si ng 

w s bou 15 , 000 s . This ressur 

sum 0 h pr ssur s n d d 0 xp nd 

rin Addi onal s s (w h p r i~ 1 

he pr ~sur componen_s wer pproxim 

5e ion M 1 

By ulic 5 1 Aluminum 

Main Lo d-C rrying 

Member Ti nium 

Ollt r Lip Copper 

c n b 

h 

sec 

ly 

r pr s n c1 s h 

hre s c ons 0 

ions) ndic d h 

s ollows . 

Exp nsion Pr ssur 
Compon n 

4,000 psi 

11 , 000 psi 

N gligiblp. 

Th results 1so con irmed h t hydraul1c 1 akage di no 

h 

occur nd demons r t h uni ormity and repea b'li y 0 he 

se 1 exp nsion process . 

4.2.3 

Th se 1 was es ed for Ie k ge in the fix ure shown in 

Fi ure 4-5. Tl's fix ur consists of a shor piece 0 7 " well 

c sin h stan s on ( me a1 base . The sealing ring , re ained 
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in the expansion est fixtur , js pl ced inside h casing s 

shown . Th op end of he casing is covered by a cover pl - e , 

with a gr phit g ske placed in between. Bol s (no shown) 

re inserted through he b se nd cover pla e 0 f orce h 1 er 

ag ins the casing and prevent leak ge around the top . 

Th scaling rlng is deployed by pressurized hydraulic oil 

rom a h nd-operated pump. Af er the ring has exp nded , the 

hydraulic pressure is incre s d by abou 3,000 psi to force th 

outer lip g inst th ~ casing and ensure th t i is in intimate 

con ac - long he entir p riphery . Th erclosed casing volum 

is hen filled with liquid (silicone oil) and pr ssuriz d by 

conneclion 0 a regulated hi gh-pressure as cylinder . Pressur 

gau s r provided to moni or 

A liquid level ind ' cato= (sigh 

he hydraulic and g s pressures. 

glass) is 1so provided s 

shown 0 moni or any leakag of fluid across he packer sedl . 

A thermos a l-controlled elec ric heating coil surrounds he 

casing and is us d to es ablish a givenm ien emperature . 

The en ir assembly is covered by thermal insula ion . 

Sever I tests were carried out with this fix ure to establish 

he feasibility of sealin agai~st high pressure and confirm th t 

leak ge could indeed be p~evented under cond', ~ions represent tive 

of field use (high- emperature , cyc lic opera ion) . A typical 

test record's shown i n Fiqure 4- 6 . The key p~rameters moni ored 

during he est are the hydraulic pressur~, temperat~re a nd 

differential pressure across the seal (gas pressure) . The test 
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has i ~ stages . Operations within each s age are d no ed by 

the le ers A through L as marked in igur 4- and re erenced 

in he discussion below . 

Stage I - Seal Deployment a,nd Pressurization 

(A) The ~e 1 is expanded ill it touches th casing by pressu _ 

iz tion to about 15 I 000 psi with th ' hydraulic pump . 

() The prensure is hen raised by an additional 3 , 000 psi to 

ensure th t the sealing ring is in ini imate contact with 

the casing over the entire periphery . Raisin he pressure 

causes the serrations in the ou er lip 0 the ring to be 

crushpd , and forces he soft metal 0 conform to any 

irregul rities in the casing surface . 

(c) The gas pressure is hen applied 0 es ablish the required 

seal differential pressure (1,500 psi) . 

(D) Th~ hydr ulic pressure can now be reduced (to 7 , 000 psi) 

without seal leakage . This operation is carried out by 

opening he vent valve . 

Stage II - Heating 

(E) The electric hea er is activated to bring the temperature 

up to the specif i ed level (650 0 P) . 
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(p) If no ex ernal action is aken , he effects of the t mpera ure 

rise are asollows . First , the hydraulic oil exp nd- and 

causes the hydraulic pressure to incre se . Then, as the 

yield s rength of the sealing ring is reduced , addi ional 

plas ic deformation takes place 0 lower tte hydraulic 

pr ssure . Bec use of th diffe~ent time lags ssocia ed 

wi h hese effects , he hydraulic pressur firs ~ises nd 

then alls. 

~) In order to prev n initial overpressurizat10n and subsequert 

pressur _ loss , he pressure is controlled manually . When 

the pressure is rising , the vent v Ive is opened; when i 

is f 11in , the pump is a~ iva ed . By such ac ions, h 

pressure is kep constant in spite of the tempera ure 

ch nges. 

Stage III - Ste dy-State Operation (Hot) 

(H) Af er herm 1 equilibrium is achieved (at 650°F), he 

h~draulic pressure rem ins cons nt without ex ernal action . 

Stage IV - Cooling 

(I) The electric heater is turned off and the system begins 

to cool down . 
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(J) The crop in mp ra ur c us s h hydr ul~c oil 0 con r ct. 

Wi hout external ction , h hydr ulic pr ssure would 

decrease and s 1 leakage would occur . 

(K) Therefore , s th sys em cools down, the pump is c iv t~d 

periodically 0 ke p he pressure cons n . 

Stage V - Steady-S ion (CoolL 

(L) After thermal equil~brium is achi ved (a rOJm -mp r tu ) , 

the hydraulic pressure remain~ cons nt wi hou 

action . 

·x rnal 

Stage~ II to V are rep a ed to evaluate th effec s of 

thermal cycling on seal performance . 

The following conclusions merged rom the tests. 

a . The composi e ring consistently es ablished a leak-fre 

seal in several types of casings , including rough , worn, 

and eccentric sectiors . Se lope a ion was verified at 

pressures up to 1, 5 00 psi (the design limit of the test 

fixture) nd temp·ra ur s up to 650 o P. 

b . The soft metal lip (including the serrated edge) of the 

sealing ring played an importan role in forming the se 1. 
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Tes s wi th rinss that did not h ve serrations w re no as 

successful; the se 1 could not usually e established in rough 

casing. Roughness resulting from surface corrosion w s 

suffici nt to prevent se ling. I w s concluded that 

signific nt plastic deforma ion of the soft metal lip was 

necessary to effect a ight seal. 

c. To prevent elastic springback and loss of sealing capability, 

h hydr ulic pressure had to be m~intain~d throughou the 

test . No method was found to m intain the se 1 without 

hydraulic pressure. 

n. The seal survived hermal cycling. I was, however, necsssary 

o main in constant hydraulic pressure during the thermal 

ransients as escribed earlier. 
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4.3 Proto ype Desig~ 

Th pro otype met I-se 1 packer is shown in Figure 4-7. As 

discussed in Section 4.1, it consists of two components: a tUbing 

anchor and se 1 module. 

Th ubing anchor is of conventior.al design; almost any 

commercial hy raulic-set unit can be used. Ini ially, he 

anchorjng sys em of an 0 is Type RH hydr ulic set packer was 

chosen. 

The seal mo ule (Figure 4-8) i~ fastened to the tUbing nchor 

by a hreaded coupling. The module consists of a set of annular 

dies hat hold two metal se ling rings. It was felt that two 

rings would incr~ase seal reliability withou compromising the 

simplicity of the design. The rings and die set are held ogether 

by means of a threade cap. This cap also serves to compress the 

rings in the dies and prevent hydraulic leakage. The neressary 

compression is establi~hed by tightening the c p to a specified 

torque wi h a torque wrench. Hydraulic leakage across the annular 

mating surface between dies is prevented by metal 'e' rings (not 

shown). Thus, there are no el stomeric or other non-ffi~tal 

elements in the seal module that can fail at high temperature. 

The tube supplying hydraulic fluid to the seal module is attached 

to the top die as shown. This tube, which runs to the surface as 

a separate hydraulic line, is part. of the tube string described in 
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S ction 6. Th se 1 is ploy from the surf c by means of 

hydr ulic sys em (pump and accumulator) th xp n s the rings nd 

then maint ius constant pressur utom tically. 
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4 . 4 

4.4.1 

The prototype p cleer w s es ed in h 1 bor ory w h h 

h lp of full-scal p cker es rig (Fi ur 4-9) . Th 

consl.S s of a 10 section 0 w 11 c s nq surround d by 

pressur vessel. Th rrnost -con roll d lec ric hed .LS 

s r pp d around h pressur v ssel, nd he en ir' 5S In ly is 

COy red by thermal insul ... ion. A suit bl b s and c p r 

lso included in the system, long w h .c ssur r li v Iv 

to pry nt ccident 1 overpr ssuriz ion. 

~he packer is lowered in 0 the cas in (Figure 4-10) un il 

plug on he lower end of he seal modul drops in 0 

th _ bo torn 0 he rig. The cap is hen ins all 

r .c ss 

oge her 

wi h ~he hyur ulic line ha supplies h~ seal module . The se 1 

is eployed by pressuriz ion with the hydr ulic pump . This 

p rt 0 the est sequenc is 5imilar to th shown in Fi ure 4-6 

(5 ge ) . Th casing is hen partly i le wi h water through 

n 0 ening in the cap . A pressure ga~le is hen t ached .0 

his op nin as shown. The lectric heat rs are activ ted to 

bring the sys el~ temperature to a specified level . As the emp­

er ture rises , steam's formed inside the casing , i s pressure 

being governed by the tempera ure. (In this respec , he test 

sequence dl.ffers rom ha shown 1.n Figure 4-6, since the seal 

dif eren ial pressur rises gr dUdlly wi h empera ure) . When 

4-27 



PRESSURE VENT 
GAUGE VALVE 

(HEATERS AND I SULATION 
SURROUNDI G PRESSURE 
VES~EL OT SHOWN) 

RELIEF 
VALVE 

ATER 

u----- PRESS'JRE­
VESSEL 

WEU 
IUL_--- CAS I G 

PACKER 

BASE 
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h t m r ur is risin , h hydr u'ic pr ssur is k p con-

s n by us in th v n II lv nd pump , s d sc ib d in S c ion 

4 . 2 . 3. Th oughou se 1 Ie k e is moni or d by 

m surin h ou flow rom he dr in . Afte period o ~ s e dy-

s op r ion , h .lec ric h ters re swit~hed off nd he 

sys m b ins to cool down. Th s I differen ial pr ssur 

(s m pr ssur b gins to d cr ase with mpera ure . During 

.his s h hydr ulic pressur is k pt cons n by using 

h pump. AE r h system h s cooled down , he tes sequence 

is 0 villu te h eff c s of thermal cycling. 

A summ ry 0 he tests carri d out with the rig is presen ed 

in T ble 4-2 . The firs t wo tes s wer performed low emp-

r. ur .1 pr ssure (bou 500°F and ')00 psi) . In h longer of 

hes wo s s , s is ac ory s 1 operation w s observed for 

wo-w k P riod ha inc Iud d hre h rmal cycl s. Subsequ nt 

t s s wer rri d ou high temper ure and pressure (640°F , 

2000 psi) . During he firs s in his seri~s (Tes #3 in 

T ble 4-2), w Id in the tes rig s ar d to le k , so he est 

w s termina d . A er he [ ul y weld had been ~epaired , the 

s was re~t r ed (Tc~ #4 in T bl 4-2) and an for 60 days 

wi hout s 11k ge . During his period , the seal underwen 

three herm 1 cycl s. 

Tn 11 c s s, cker remov ~ rom he c s1nq ook place 

wi hout dif icul y . ~he ini i 1 upward pull (breakaway force) 

w s ~ou 15,000 Ibs. The force then dropped down to about 3000 Ibs 

as he pack r was pulled up hrough h casing. 
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Table 4-2 . Packer Test Summary 

10. of 

Test Duration Pressure Tern erature Thermal 

No. (days) ( si) (OF) Cycles Remarks 

1 7 500 70 1 o leakage across seal 

2 14 600 490 3 o leakage accosS seal 

3 7 2000 640 - Tes erminated due o tes ix ure 

failure 

4 60 2000 640 3 o leakage across seal 
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Addi ion 1 ests of the seal module were e rri d out u ing 

liv 5 m no exhaus g s . These t sts, unoert ken s 

h overall s e m genera ion system est, are deserib in 

S etion 7. 

4-32 

p rt of 



5. CONTROL SYSTEM 

5.1 Background 

The steam gener tor control system c rries ou four 

functions : 

a . It allows the operator to activate/deactivate he 

system and se the independent vari bles (airflow, and 

ir-fuel , and air-water ratios) h t control firing 

rate (steam output) and steam quality. 

b . I establishes nd regulates autom i cally the air, 

fuel, and water flows so that the desired firing ~ate 

nd B am quality are obtained. 

c . It isplays and records key system parameters and 

1 rts he operator to any anomaly or malfunction by 

means of a s t of al rms. 

J . In certain cases, it takes action automatically, either 

to maintain the fuel and water flow (automatic tr nsfer 

from malfunc ioning pump to backup pump) or to avoid 

catastrophic failure (automatic shu down due to major 

deficiency in water flow) . 
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The system consists of twO equipment skids (one for air, 

and one for fuel and water) and a control console. The n ire 

system is synthesized from standard commercial components, nd 

implements a conventional feedback control strategy using 

analog devices . A schema ic diagram of the syst m is shown in 

Figure 5-1; photographs of the hardware are shown in Figure 5-2. 

5.2 The Air Skid 

The air skid controls he airflow. A schema ic diagram of 

the air supply system is shown in Figure 5-3. Flow from a 

high-pressure air compressor is regul ted by dump valve hat 

ven s any excess air to the atmosphere. The valve is opera ed 

pneumatically from a 30 psi instrument air supply. The 

lectrical signal from the control console modul tes he 

p~2uma ic s~pply hrough a current-to-pressure (1- o-P) con­

ver 'r th t is par of the valve installa ion. The dump valve 

is p rt of a closed loop controller; valve excursions around a 

reference position are proportional 0 he difference and an 

integral of he difference be ween he required airflow (as 

se by the oper tor) and the actu 1 airflow. This control 

strategy is implemen 2 by a comm~rcial proportional-and-

in egral (P-and-I) analog ~ontrol module. The airflow is 

determine from a conventional orifice flowmeter mounted on 

the skid. The pressure and temperature upstream of the orifice 

and the pressure drop across it are measured, and the signals 

transmitted to he control console for processing. The 
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pr ssures are measured with diaph ragm- ype c paci ive trans­

ducers ; he tempera ure is sensed by a resis ance- emper ure 

detector (RTD) . 

The air skid also inc Iud s hand-op ra d isol ion valves 

to shut off he flow nd to isolate the transducers. 

5 . 3 The Fuel and Water Skid 

The fuel and water skid establishes and controls the fuel 

and water flow. A schem ic diagram of the fuel supply sys em 

is shown in Figure 5- 4. Fuel from the fuel tank passes through 

a fil~er system to the suc ion side of the fuel pump. The 

filter strains the fuel and removes any particulate s larger 

han 3 0 5 microns . The filter sys em ( ~onsis s of two 

independent cartridge-type filter elements with a means 0 

switching he flow manu lly from one to the other. In this 

way, when anyone element begins to get blocked (clogged) , the 

flow is diverted throu h he other 50 tha the blocked element 

c n be replaced and kept on standby. Incipient blockage is 

sensed by a pressure switch (relay) tha is activ ted when the 

pressure drop cross the filter element exceeds a prese level 

(10 psi) . This switch ac ivates an ala~m at he control console 

to alert the operator to impending filter bloc kage. 
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Th fu 1 pum is r pUffi'? r for a flow 0 gpm 

nd m ximum pressure 0 1500 p~i. Al hough wo such umps 

are provided, only one op r s any given im while h 

other rem ins on s ndby . In c se 0 low deficiency , ump 

r nsfer t kes plac u om ticallYi h m lfunc ioning pump is 

knout of service nd the st ndby pump pu in 0 op ra ion. 

The fu 1 pump is driven a constan spe d by n . lec ric mo or 

so th he outpu low is (nominally) cons an regardl ss 0 

the pressure . Flow control is achieved by iverting exc ss 

low back to the suc ion side 0 the pum~ through bypass 

line . Th bypass flow is regul ted by b .. 'pass con rol v lv 

Lik the ir dump v lve , the bypass con rol valve is oper ed 

pn uma icallY i the electrical signal =rom he con roJ console 

modul es he pneumatic supply through n I-to-P conver cr . 

Also, like he air dump valve, this valve is prof a closed 

loop controller tha includes P- nd-I n log control modul . 

To prevent the pump rom experiencing high backprcssure, 

a pressure relief valve is connected be ween he pump discharge 

and the bypass line. Any ov rpressure is now relieved s the 

valve opens and diverts flow into the bypass loop. A flow 

switch connec ed in series w'th the valve senses any valve 

flow and activates n alarm ( t the console) to alert he 

oper tor to the overpressure ondi ion. 

Fuel flow is determined by a conventional orifice flowmeter. 

The temperature upstream of the orifice and the pressure drop 
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acro~s i t re me su r d , and the signal s transmit ed 0 h 

con rol (onsole for proces sing . 

Th fuel sup~ly sys m also includ s hand-oper~ ed isolation 

v Iv s nd check v Ives th p v n r v rse low. 

A schem ic di gram 0 he wa r supply system is shown 

n Pi ure 5-5 . This syst m is v ry simil r 0 he fuel supply 

sys em , and inclu es du I fil ers wj h fil r hlockag al rm , 

ua] pum s , prcssur reli f valv wi h ov rpressure larm , 

byp ss con rol valve , nd n orific flowme er . Not bl 

i rences are the fil er ra ing (40 micron cutoff) , ype of 

pump (pis on pum vs. gear pump) , i s ra ing (16 gpm nd 

2000 psi m x) , and h absence of emp~r ture tr nsducer . 

Al hough he flow is we k func ion of the temper ure , 

roper ure r nsducer for he w r sysrem h s be n omi ted 

b c use the w ter flow does no have 0 be con~rolled s 

ccur ely s he uel flow . The 1 er has to be par icularly 

accur e S1n~e it af ec s he air-fuel ra io , and hence he 

cl_anness and e iciency of combustion . 

5.4 ~he Control Console 

The system is operated from he con rol console . The con­

sole ccepts opera or jnpu ts , carries out he signal processing , 

and inter cts wi h the skids to establish the required air, 
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fu 1 an 

v riabl 

w r low c h 8 am g n rator. Th 

long with oth r v ri bl s i pI Y 

prim ry con rol 

an r cor , an 

h 1 rms nd 

r summ riz 

he airf ow nd 

v ri 1 sst 

u om c con rol ction progr mm in h sy 

in Table 5-1. The prim ry con rol v riabl s 

h air-fu 1 and ir-w t r r tios . Th se 

hiring r (or s am outpu) nd s m 

r 

qu lity, resp ctively. Th 

in c se h type or composi 

con rol v ri bl s re s by 

~ir-fu 1 ra io c n Iso b 

ion 0 th fu 1 is ch nge 

h op ra or a the fron 

djus e 

Th 

m 

r 

me 

ns of humbwh el djus m .n. Abou 

moni or d and in ic ted ( ispl yed) on 

r r dou or igi 1 displ y; sev r 1 of 

p nel 

oz ~ k Y v ri les 

he fron p ~el by 

hese v ri bles 

y 

r 

recor ed on strip chart recor rs for perm n n record. S v n 

1 rms r provi ed 0 1 r h op r or 0 bnorm 1 ir, fu 1 

nd wat r fl o ws, wa er an fuel Rupply overpressur.e, an w t r 

m 

n fuel fil r blo~kage . The larm sys m is implemen ed by 

mans of a p nel-moun ed annunciator th provi es an audible nd 

visu 1 aler ing sign 1 0 indica e he exis enc nd type of 

nl rm C0n i ion tha prevails . F'nally, he system js programmed 

o c utom ic lly and bring bout pump tr nsf~r (due to low 

fuel or w r flow) or shut own (due to a major deficiency in 

water flow) . 

Th con rol console consists of con rollers for he ai r, fuel 

n w ter, nd miscellan QUS circui ry for other func ions . A 

schem~ ic diagram of the air con roller is shown in Figure 5-6 . 

Three sign Is from he air skid -- temperature , pressure an 
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Table 5-1. Summary of Variables and Alarms 

Primary 
Control 
Variables 

Airflow 
(Firing Rate 
or Stearn 
Output) 

Air-\vater 
Ratio 

(S earn 
Quality) 

Air-:-Fyel 
Ratl.o 

(Stoichio-
metric 
Level) 

Displayed 
Variahles 

Air Pressure 2 

Fuel Pressure 

Water Pressure 

Air Flow Ra e 

Fuel Flow Rate 

Water Flow R te 

Total Fue. Flow 3 

Total Water Flow 

Air-Fuel Ratio 

Air-Water Ra io 

Fil.ing Ra e 

Steam Quality 

System Temperatures 

Recorded 
Variables 

Air Pressure 

Air Flow Rate 

Fuel Flow Ra e 

Water Flow Rate 

Air-Fuel Ratio 

Firing Rate 

S earn Quality 

Alarms 

Fuel Filter 
Blockage 

Water Filter 
Blockage 

Fuel 
Overpressure 

Wa er 
Overpressure 

High/Low 
System Temperatures Fuel Flow 

High/Low 
Water Flow 

High/Low 
Air Flow 

1--_________ -lI'--_~_~ __ ee_arn_B_~_~_/_· ~_~ __ yt_i_o_n _ _1I ___ . ____ _ ____ '-- ______ _ 

1 . Adjustment capability for change in fuel type or compos i tion . 
2 . Injection pressure . 
3 . Total fuel consumption (GALS.). 

I Automatic 
Con-crol 
Actions 

1 

Water Pump 
Transfer (Low 
ater Flo ) 

Fuel Pump 
Transfer (Low 
Fuel Flow) 

Pump Shutdown 
(Continued 
Low Water Flow) 

--'-
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orifice pr s, ure drop -- r proc ss dod erm'n 

flow r t according to h following rel tionships . 

= 

= a 

where W -a Mass flow of ir 

Ta - Upstre m orific 

Fa - Upstr am orifice 

6Pa - Ori ic pressur 

K - Orifice cons nt a 

- Air density 

R - Gas constant 

emp r tur 

pr ssure 

drop 

h mass 

The measured airflow signal is then sub r c ed from the a'rflow 

setpoint and further processed in he P- nd-I controller 0 

genera e a signal that controls the skid-mounted ir dump 

valv . 

The meas~red airflow signal also is processed by a threshold 

module to generate a high/low airflow alarm signal. The alarm 

is activated when tpe airflow is either below a preset level 

(200 scfm) or above another preset level (2000 scfm) . The former 

condition represents the lower bound for which airflow control 

accuracy can be ass~red, the latter condition represents the 

maximum flow that the system is designed .0 r ~ \ ile. 
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A schematic diagram of the fu 1 controll r is shown in 

Figure 5-7 . Two s1gnals from the fuel skid -- temper ure and 

orifice pressure drop -- are processed to determine th mass 

flow r te according to the following rel ionships . 

nd = f o 

where Wf Mass flow of fuel 

6Pf Fuel orifice pressure drop 

f Fuel density at tempera ure 

r o Fuel density at temperature To 

Tf Fuel temperature 

T Reference temperature 
0 

Kf Fuel orifice constant 

Cf Thermal expansion coefficient for fuel . 

Th desired fuel flow (derived setpoint) is found by multiplying 

he air-fuel ratio setpoint by the measured airflow signal 

gen rated by the air controller. The measured fuel flow signal 

is then s~btr cted from its derived setpoint and further pro­

cessed in the P- and - I controller to generate a signal that 

controls the skid-mounted bypass control valve . 

Improper operation of the fuel system is indicated by a 

fuel flow alarm. The ratio of the ctual and desired fuel flow 
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is processed by a threshold module to generate a high/low alarm 

signal. The al rm is activated whenever the actual fuel low 

differs (positively or negatively) from i s setpoint by mor 

th n 10 %. In addition, if the flow is below its setpoint, 

'r nsfer to the backup fuel pump takes place automatic lly. 

A schematic diagram of the wa er con roller is shown in 

Figure 5-8. The system is very similar to the fuel con roller; 

he pr ' ncip 1 differences are: 

() Mass flow computations are carried out with a constant 

value for water densi y. The error in indic t e d 

s earn quality is expecte to Ii within th uncertainty 

b nd of the quality c lcula tion : and 

(b) In addition to the h1gh/low f low alarm (and pump 

transfer circuitry) , there is an additional safeguard 

in the form of an automatic system shutdown due to 

low water flow. A second threshold module generates 

shutdown signal if the measured wate~ flow is below 

50 % of its required value. The shutdown signal acts 

through a relay to turn off the fuel and water pumps, 

thus stopping the combustion process and preventing 

failure caused by overheating. 
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A schematic diagram 0 certain miscellaneous control console 

subsystems is shown in Figure 5-. These subsystems include: 

• A steam quality computing algorithm that infers 

downhole steam quality by balancing the hea libera ed 

through combustion of the fuel and the heat absorbed 

by the w ter as it urns ' nto steam . 

• A thermocouple signal processor that akes signals 

from th~rmocouples mount _d on the steam enerator 

nd provides temperature signals for panel displ y 

and recording . 

• Power circuits that energize the pump motors and 

instrumentation , and relays to carry ou au om tic 

pump transfer and low w ter flow shu down . 
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6. EXTENDED SYSTEM TESTING 

6.1 Intro uction 

In or r to evalua e how th prototyp ste m g nerator (an 

the control and support sys ems) would p rform in n oil fi 1 

nvironm nt, a quasi fiel t s was plann The tes w s 

con ucte a San ia wi h a go 1 of continuous sys m operation 

over a ive- ay perio. Th st am gen r . tor w s opera e in a 

simulated downhole enviconment. 

In prepara ion for this t st, a s ries of exten ed 1 bor tory 

test runs of several hours uration was conducted t 

FOR er-Miller's f cili y in W ltham, Mass chusetts. 

The ext nded 1 boratory tes s and the qu si field tes re 

described in oetail in he following sec ions. 

6.2 Extended Laboratory Tes s 

The comple e downhole ste m gen ra or syst m (con rols, 

support skids, metal seal p ck rand seam gener tor) was ested 

Fos er-Miller's Waltham, MA tes f cili y during July 1981. 

The p cker nd steam generator were positioned in a pressure 

v ssel, as shown in Figure 6-1. The pressure vessel 
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p .rmi d t h h igh pressur (up 0 1500 sig) ownhol oil w 11 

environm nob simul d during stin. Th es s up 

permi d he pack rob con inuously moni or d or 1 k 

Two Ingersoll -Ra nd moun d comp essors (on prim~ry nd 

one boos r) w re us_d 0 supply he hi h pressure combus ion 

ir. Th se compressors wer capable 0 d liv rin airflow 

sufficien 0 main ain 5 MMBTU/HR firin r Al hou h h 

boos r unit had a r d disch rg pr ssur 

problems wi his high pr ssur s ag limi e 

h n 900 psig . 

of 1500 psi , p cking 

op r on 0 1 ss 

The downhole seam g ner ing sys m w s run or a 0 1 of 

30 hours during these s s . Tes runs v ri d in 1 ng h from 

1 . 5 0 7 hours . Op ra ing p r me ers ty ical 0 hose moni ored 

during hese tests re list d in Table 6-1. 

T ble 6- 1 . Typical System Ope ting Param ters 

Firing F e 

Airflow 

Fuel Flow 

Water Flow 

Operating Pressure 

Steam Generator 

Disch rge Analysis 

6 - 3 

5 . 0 MMB1'U/HR 

830 scfm 

. 62 gp'm 

8 gpnl 

250-1000 l'c;ig 

0 . 2 - 0.7 

500 - 2000 ppm 

50 - 700 ppm 



During thes ts, both pr ssur an ir tomizing fu 1 nozzl s 

w r us Op ra ion wi h h pr s ur omizi ng nozzl w 

cl han wi h h air atomizing nozzl . This r suI w th 

opposi of h xp ri.:.nc d uring ing of h mo ph ric 

urn r. Althou h ime i no p rmit n in- p h tu Y of 

op ration w 
, 

h h ir omizing nozzl , i is xp c h 

precis con rol of h a omizing ir pr ssur and flow r is 

n d d o op imiz p rform nc . 

Th sys m op r roubl fre with h exc p ion o f 

f i UP. ilur of th f w r con rol valve D spit he 

roubl fr op r ion of th sy em , sev r 1 force shut ~")wns 

w r xp ri~nc d n s igni fic n im w s lost ue 0 problems 

wi h h i.r compr ssors nd s e m le ks in th p cker s pool 

pi c . Th se st m leaks wer no r 1 t d 0 h P ck r which 

p rform d f1 wI s ly hroughou has tests . 

6 . 3 Qu si Field T st 

6.3.1 Introduc ion 

This s wh 'ch ran froM We n say. November 4, 1981 hrough 

Tu say, Novemb riO, 1981 w s conduct d in a simulate w 11 t 

Sandia. Th well consis e of )22 ft leng h of 7 inch 

well casing cem n e in ver ic 1 boreh01. The bo om of he 
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c~uing W1'l8 capp and v n d aclc '0 the urfac through 2.5 
inch if.';. A mCtnually-o ra acl< pr s ur con rol valv in 
h v n' )in w u d a Ii h h pr saur a which h 

n m n ra or would op ra Th am g n ra or was u nd d 
fro a £lang n h op of h ca d hoI in mann r imi r 0 

h u c'! during h Fxt nd d L bor s . Figur -2 hew 
h am g n ra or b ing low r d in 0 h w 11. 

Trail r-moun ~ Ing r oll-Rand compr or u d o pro'lid 
high pr s ur com u ion air tC' h downhol st am g n ra or. 
For ii ring ru up 0 ~ BTU/HR (airflow of 30 cfm) , on 
primary unl nd on boos r uni w r us d . Op . ra ion a firing 

ra ~ w n Sand 10 MM TU/HR r quir d wo primary uni sand 

on boo t r uni . Th com r s ors, fu I tanks and ins rum n 

rail r u d during s s s ar ~hown in igur -3 . 

During his t s , h downholt:! s am g n ra or sys m 
op ra "'"d for -1 1 hours ou of an laps a im of -15 hours, or 
an avail iIi y of 71 p rc ~ . Thp firing rat vari d from 4 0 

10.2 MMBTU/HP and s am quali y v ri d from <75 p rc n 0 

2500 F su rh a . Overall p rformanc of h sys m lIuS qui 
at j f c ory, xc p fer a pro 1 m caused by d po i ion of 

calcium sal in h coolin wa er passag s . W know now ha 
his pro 1 m is avoida Ie ( y diff r n wa r tr at-men ) , but i 

was r spon ihl for 5 p rc n of he down ~m 

h st. 
xperienced during 

-5 
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.3.2 T sLog 

S r up a 10:15, We~n sday, Nov m r 4. Excep for a 1 . 5 

hour shu own 0 r pair a compr ssor fu I line 1 ak , the seam 

~ n ra or ran con inuously for 42 hour a 3.5-5 MMDTU/HR, 

900-]300 psi. During his run, h firing ra was limited by 

h indicat d compressor airflow ou pu , which dropp doff lat 

a night 0 as low as 00 scfm (low airtlow readings di&cussed 

blow) . 

Th wa r pu~p discharge pressure pgan to increa e during 

h las 4 hours of he run, ev ntually op ning th water 

pr s~ur r lipf valv and causing au omatic snu down of the steam 

g n ra OL e This xcessiv pressur wa~ appar n ly caused y salt 

uildup in h ~ wat r spray nozzles . 

During shu down, sulfamic acid was poured down the wat rlin 

o ~i solve h salt d posi c, h n the wat rline wa~ flushed 

wi h wa er for over 1 hour . Total downtime was over 12 hours. 

~ ar up a 16:55, Friday, Novem er 6 . Th steam gen rator 

ran for 8 hour~ a approxima ely 5 MMBTU/HR, 1100 psi . Again, 

clogged wa er nozzles caused an automa ic shu down. Shor ly 

before shu down, an attempt 0 cool he water jacket by reducing 

h firing rat from 4.5 to 4 . 2 1MBTU/HR fail d to relieve the 

high water pressure. 
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Af r shutdown, he waterlin was flushed wi h water. To a1 

down im was -1.5 hours. 

S ar up a 02:25, Sa urday, Nov mb r 7. Th st am gen rator 

ran for 4+ hours at -5 MMBTU/HR, 900-1300 psi. Again, clogged 

wa r nozzle caus d an au oma ic shu down . 

Whil the st am gen ra or was down , a defective pc ssur 

gauge a th~ wat r filter diccharg was rep1aceo. The wat r flow 

c:ontrol v l"e, which had e n 1 aJ<ing , was tight n d. The wa r 

pre sure relief valve, whi ch also had b en leaking, was ligh ned. 

Th compr ssor air hos s w re uncoupled, and i was no ic d 

tha h 'nn r wall s nf th ho . s w re coa ed with an oily 

su s ance, wi h a mustard-like consistency . This subs anc 

effeoc iveoly r duc d h' di, anl r of h 

Th airflow orifice was then disassemble 

0 , was cov red wi h he su~s Ancp. Th 

air hose y a out 1/3. 

and insp c d . It, 

u ~s leading to th 

airflow ransmi ter were partially clogged . This probably caused 

h low airflow readings at nigh whe n the temperature was low 

and he su s ance was more likely 0 cong al in these tubes. The 

airflcw orifice and transmi er piping wer clean d and 

reassembled. To prev nt a reoccurrence of this problem, the air 

s~i~ was cover d and had curing the remaind r of h test. 
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An a e~p 0 s a r t up was mad , but here was no control 

ov r h wa r flow . Th wa r flow control valv w~s 

disass m led, and i was discovered tha loss of control was 

c us d y worn plug . S v ral of he worn parts wer 

To al down im was -8-1/2 hours . 

plac d . 

S ar -u a 4:55, ~aturcay , Nov mb r 7. Th s am gen rator 

ran for 2 hours a -5 MMBTU/HR, 1200 psi . The water nozzl 5 

~tar ed 0 clog , and th seam gen rator was shut dcwn manually . 

Thre quarts of sulfamic acid w r poured down the waterlin , 

and th wa rline WAS flu~hed wi h 11 gpm of wa er for 1 hour. 

To al down im was -2 hours . 

Star -up a 19 : 25, Sa urday, Novemb r 7. The st am g n rator 

ran for 12 hours at 4 . 5 MMBTU/HR, 100 psi . During this run , i 

WnS very cifficul to main din ad qua 

was -3 for he last 5 hours of the run. 

caustic flow. The pH 

umerous steam 1 aks 

~evelope during his ime . Due to s vere corrosion in he 

exhaus line, he steam g nerator was shut down . 

The leaks er repaired and h xhaust manifold piping was 

replac d . Total downtime was -4 hours. 

S art-up a 11 : 30, Sunday, Novemb r 8 . The steam generator 

ran for 20 minutes a 5 MMBTU/HR, 1200 psi . Kight af er 
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st rt-up, attempts to incr ase caus ic flow failed. The wa er 

supply pressure was high enough (80 psi) thnt the chemical 

addition pumps were unable to pump against it. The water supply 

pressure regulator was found to be inoper tive. The steam 

g nerator was shut down whil the w ter supply pressure regul tor 

was replaced . Total downtime was -1 hour. 

Start-up at 13:05, Sunday, November 8. The burner did no 

light. Apparently there was no enough triethylborane (TEB) in 

he TFB bottle . The TEB supply cylinder at he TEB filling 

s ation was replaced and a new, full TEB bottle was inst lled at 

he burner . Total ad ition 1 downtime w s 2+ hours. 

S art-up at 15:10, Sunday, November 8. 

ran for -21 hours at 5 MMBTU/HR, -1200 psi. 

The s Leam gener tc~ 

Caustic flow was 

a equa e to maintain he pH above 7 until 03:00, Monday, November 

9. A tha time, the pH began to fluc uate rapidly between 3 ani 

7. By 10:00, he pH failed to rise above 3. Constant atten ion 

to the caustic addition pumps failed to remedy the problem, so 

12:35 he s earn genera or was shut down to prevent severe 

corrosion . 

Many chrys als had form d a the bottom of the caustic supply 

drum and a the inlet filter to the caustic addition pump, 

completely clogging the filter and preventing flow to the pump. 
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The caustic supply drum was r plac d with a fresh drum which 

was h n k p h a ed. The caustic andi ion pumps w r clean d 

and prim d. Caustic pump #2 (from Foster-Miller) was r plac d 

with a DlT pUIl'P (same typ as caustic pump #1). A 1 ak which had 

developed on he pr ssure reducing valve union in th st am 

gen rator exhaus lin was weld d. Total down im was 3 hours. 

S art-up a 15:40, Monday, Novem er 9. The st am 9 nerator 

ran for -1 hour at 6.3 Mf BTU/HR, llCO psi. A higher firing rate 

wa s attemp d, u fuel flow was limited by the 24 gph f el 

n o zzle. Th ste am gen rator as shu down to r place th fu 1 

nozzle wi h a 40 pgh, 800 hollow nozzle. Total downtime was 2 

h o urs. 

S art-u at ]9:00, Monday, Nov mber 9. 

ran for - 7 hours a -8 MMBTU/HP., 1000 psi. 

causpn an automa ic shutdo~n. 

The seam gen rator 

Clog~ed water nozzles 

The wa erJin wa~ flushed wi t h wa er. Th l~ak on 1 water 

pump inlet was repaired. Total do~ntime was 2 hours. 

Start-up a 03:3C, Tuesday, ovember 10 . The steam genera or 

ran for 1 hour a 4 MMBTU/HR, lODe psi. The fuel nozzle appeared 

c ~ clogge which prevented a higher firing rate. The 5 eam 

gen ra or was shut nown t o cl an he fuel nozzl . Total downtim 

was - 3 nours. 
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Start-up a 07 : 20, Tuesday, November 10. The s am generator 

ran for -2 hours at 8 MMBTU/HR, 1000 psi. Th wa r nozzles 

b gan 0 clog, so the s earn generator was shu down and th 

wa erline was flushed with wa er. Total down ime was 1 hour. 

ran 

S ar -up at 10 : 05, Tuesday , Novewber 10. 

for 10 minu s at 5 MMBTU /HR, 100 psi. Th 

The steam g n ra or 

fu 1 nozzle had 

clogged again , so the seam gen rator was shut down and the fu 1 

nczzle clean d. 

At h sam im , 3 mor quar s of sulfamic acid were poured 

down the wat rline . Total -downt ime was -2 hours. 

S art-up at 12 : 00, Tc sday, November 10. 

ran for 4 hours at -8 MMBTU/HR, 1000 psi. A 

Th steam g nerator 

16:10, he firing 

rat was increased gradually. While the firing ra e was bing 

increased, the water flow con rol valve broke in the closed 

posi ion . All control ov r wa r flow was lost . With both wa er 

pumps on, the flow was 21 gpm. This high f~ow caused he pump 

inle pressure 0 drop to 0 psig, even with flow through bo h 

se s of new filters. A his constant wa er flow rate, he 

firing ra e wa~ increas dolO 1MBTU/HR, 900 psi, where it was 

held for most of he nex 6+ hours (two 15-20 minute periods of 

running at a reduced firing ra e, 5 MMBTU/UR, w re required to 

combat water nozzle clogging by changing water filters and 

s oPpin9 caus ic addition). A 1800, the firing rate was 
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increas s much s possible. A maximum firing rat of 10.2 

MMBTU/HR w s a in d. The burn r was limit d from 

by the airflow ou put from the compressors. The w 

began to clog, nd he seam gen r tor was ahut own. 

6.4 Test Summary nd Conclusions 

higher ra c 

r nozzles 

A summary of he system p r orm nc during the s is shown 

in Table 6-2 nd Figure 6-4. Causes of all shut owns, utom ic 

ann opera or ini ia ed, during the est ar sllmm riz .d in T ~)e 

6-3. Oper ting hours and shutdown times for various c uses r 

pr sented in Table 6-4. 

As c n h s en from Tables 6-3 and 6-4, 7 of 14 shu owns 

we~e cause by salts eposi ed by the precipitation of c lcium 

carbona e in the water passages of h steam generator. Figure 

6-5 shows he CaC0 3 deposit present in he wa er jacket of the 

steam genera or he conclusion of he tes . During the course 

of the test it was felt that this problem was caused by leakage 

of excess calcium through the water softener. Further 

investig tion after the tests indicated that he problem was 

ac ually caused by the introduction of the sodium hy roxide use 

to control the pH of the wet steam into the feedw ter. The 

feedwater pH was increased to abou 11 before it was elivered to 

the steam generator. At this pH the solubility limit of calcium 

in wa er is less han 1 ppm. H a ing he water in he steam 
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T bl 6-2. Test Summary 

Firing Steam 
R e Pressure Ste m Output Operating 

(MMBTU/HR) (psig) uality (bbl/day) Time (hr) 

4.0 to 5 . 5 900 to 1300 85% to 190 to 300 89 . :' 
Superhe t 

7.5 to 8 . 0 900 to 1300 75% to 400 to 550 14 . 5 
Superheat 

10.0 o 10.2 750 to 1000 75 % 700 7 

Table 6-3. Shutdown Summary 

Cause of Shutdown 

1. Air Compressor Fuel Line Leak 
2 . *Clogged Water Nozzles and Compressor Failure 

3. *Clogged Water Nozzles 

4. *Clogged Water Nozzles 

5 . Clogged Water Nozzles 

6 . Corrosion of Exhaus Piping 

7. Defective Water Supply Pressure Regulator 

8 . Inability to Con rol pH 

9 . Fuel Nozzle Too Small 

10. 

11. 

12 . 

13. 

14 . 

*C1ogged 

Clogged 

Clogged 

Clogged 

Clogged 

Water Nozzles 

Fuel Nozzle 

Water Nozzles 

Fuel ozzle 

Water ozzles 

* Automatic Shutdown 
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TABLE 6-4 OPERATING/SHUTDOWN TIMES 

TOTAL HOURS 156 .2 hr 

OPERATING TIME AT VARIOUS 
rIRING RATES: 4.0 - 5.5 MMBTU/hr : 

TOTAL 

7.5 - 8.0 MMBTU/hr: 
10.0 - 10.2 MMBTU/hr.: 

PERCENT OPERATING TIME: 

SHUTDOWNS 

89.5 hr 
14.5 hrs 

7.0 hr 

111.0 hrs 

CAUSE INCIDENTS HOURS DOWN 

Clogg d wa r 
nozzl s 7 & Final 29.1 

Wat r supply/ 
r atm nt problems 2 6 .3 

Clogg d fual 
nozzle 2 4.6 

Exhau t pip 
corrosion 1 3.7 

Comp.:-essor 
problema 1 1.5 

TOTALS 14 45.2 
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9 n r tor w t r j ck r duc d h solubil y limi 

o c lcium would pr cipit 

v n furth r, 

, m king hUG, v nrc moun 

pugging in vi 1. 

Tlli probl m coul b voi d by u ing d ioniz d w t r or by 

using 

o ium hy roxjd 

ur ch mical inj c ion pump nd int rorluci ng th 

ir ctly into , or ownstr m of, h st am 

n r ion zon of h st m 9 n r or. 

Th pr c ic li y of h ho w 11 c ramic combustion ch mber 

w semon tr uring hi test. Th s ~ ion d c r mic 

(C rbOl'un urn REFRAX) combu tion ch mb r s shown in Figur 6-6. 

Visu 1 x mina ion of h combu ion chamb r prlor to disassembly 

r veal cr 

in_ rior sur 

h cr clt"s 

c . 

rn of 1-2 cm par ion ov r most of the 

On dis I:j 

d througp 

mbly . i w s 

h tube w 11. 

et rmin d th t many of 

Glass (silicon 

ioxide) pro uc d by oxidat:ion of th cer mic covered most of the 

inn r au f c ' nd bri ged th cracks at th inner surf c of the 

ub . 

Th gl ss 1 yer ha . ippled appearance and var :ed in 

hickness from 1-2 mm in mos ar s to sever 1 mffi at th thickest 

poin . Thp ripple ppear nc of h glass was ~vidently due tc 

flow of the mol n glass cau d by he high velocity 9 s moving 

over h surface. Th 9~ass lay r appears to be chemically 

ble in the combus 0 environ~ent , and it ac s as a barrier to 
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pr v nt ch mical attack nd further oxid tion of th c r mic. 

Spal in9 of h gl ss produc d loc 1 r c ssion of he tub w 11 

in om r s. This sp lling occurr during cool down of h 

oif rences in th co fficien s of th rm 1 exp nsion of 

n silicon c rbid r sul ed in the 91 ss 1 yer being 

lin r. 

gl ss 

pl c in compression and sp lling during cool own; this spalling 

w s most severe in the vicinity of the cr cks in the ceramic tube. 

Th cracking of the ceramic tube an h spalling of h 

glass 1 yer di not adversely ffect the perform nee o f the 

combus or nor is it felt hat hey woul significan ly reduc h 

op r ting life of the s~ ~am g ner tor. The most sever . m g 

he combus ior. chamber wa s the loss of a 3 inch section from h 

downstre m nd. This type failure would br un cceptable if it 

propa a ed up the lin r. Incorporation of an en restr int in 

the liner design should prevent this type failure. 

The overall performance of he silicon carbi e combustion 

o 

ch mber liner was very good and certainly much superior to any 

othar liner tes ed during the program. A more detailed analysis 

of he liner performance can be found in Sandia's repor en itleu 

"Performance of Ceramic Combustion Tubes in Enhanced Oil Recovery 

Steam Generators," [4]. 

Asid~ from he calcium scaling problem, the only dis­

appointing aspect of this test was the inability to attain the 
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soo free combus ion seen in previous tests. Soo w s present in 

the seam n rator xhaus r g r 1 ss of air-fuel r ti o . Post 

t : st xamin ion revealed a gap in the burner swirl he d which 

p rmit ed som combustion air to bypas~ the angential air inlets 

an deflect he atomizing fuel sprdy against the combustion 

chamber w 11 . This disruption of the fuel distribu ion pa tern 

pre vente clean combustion . A return to the on -piece swirler 

h d signs at t.he sacrifice of ease of assembly woul remove 

he pot ntial for a gap opening nd eliminate this problem in 

fu ure units. 
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7. CONCLUSION 

This program w s undertaken to d velop h ~chnology bas 

for ownhol seam g ner ion, nd to demonstr t~ he fe sibility 

of key sys em campon nts . These objectiv s h ve now been 

chi ve . 

B sic system components (s am generator, packer, ube string 

and controls) h v been designed. Testing of the ste m gen ra or 

nd p cker (including the controls) have confirmed over 11 

f sibility. (A tube string esign simil r to the one described 

h rein was ested in pen1 n ly by S ndi.) Thus, all system 

components have 3uccessfully undergone pro 0 ype testing. An 

in e rat d sys em can now be assembled an es ed in he fiel . 

Specific conclusions drawn from the technical development are 

s follows. 

Steam Generator 

• Th~ diesel-fired, cer mic-lined combus or opera es 

]"eliably and efficiently at high pressures under 

stoichiometric condit'ons 

• The direct-injection vaporizer downstream of the 

combustor is capable of producing s earn of a quality 

thlt can be varied from wet to superheated 
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• The use of demineralized or unbuffered feedwater is 

necessary 0 prevent salt buildup and clogging of the 

steam gener tor water passages 

• The ceramic liner of the combustor enables the system to 

opera e efficiently nd cleanly in spite of poor fuel 

tomization (caused by high pressure, for instance). 

The concep thus appears to be capable of ultimate use 

with heavy fuels. 

Packer 

• Th xpanding metal seul packer seals reliably at high 

pr ssures and temperatures 

• The composite aluminum-titanium-copper sealing rings 

provide the necessary ductibility, creep strength and 

corrosion resistance nee ed for downhole use 

• A standard tubing anchor used in conjunc~ion with the 

metal seal module is adequate. 

Control Sys em 

• Accurately metered air, water and fuel to the steam 

generator is essential for clean combustion and 

predictable steam generation 
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• Air-fuel ratio control is particularly important 0 

preven gener tion of soo in th xhaus produc s 

• A closed-loop analog control system ssembled from 

commercial off-the-sh lf com))onents provid s d qu te 

control . 

Tube String 

• A multi-string tubing system, based on designs used in 

offshor risers, appears to be within the 

s ate-of-the-art. 

System Analysis 

• The overall thermal efficiency of the downhole steam 

generation process lies bet.ween 55-65% 

• Downhole steam quality is independent of depth 

• The casing and wellbore ale not subject to thermal stress 

• The amount of pollution control equipment is minimized. 
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A brief applications study indicates that downhole ate m 

g neration is lik ly to be he f vored system for cert in 

unconventional stearn flooding operations where limi ions 

res rict he use of surface st m g n r tors. Some key 

pplications nd th reasons for choosing downhol ste mover 

surface ste m are given below. 

APPLICATIONS 

1. Deep wells 

2. Environmentally impacted 

areas 

3. Arctic applic tions 

4. Offshore applications 

ADVANTAGES OF DOWNHOLE STEAM 

No wellbore heat loss 

High downhole stearn qu lity 

No exhaust emissions. Minimum 

surface impact (wi h remote 

equipment location) 

No thermal impact on completion 

and surroundings 

High downhole quality in long 

(deviated) wells. No wellbore 

hea loss. Reduced platform 

space constraints (with r~mote 

equipment location) 

7-4 
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APPENDIX A 

Analytical Model of Downhole Steam Generation 

System 

Th thermodynamic model of the downhole steam g neration 

system is given in Figur A-I . Applyin the First Law of 

Thermodynamics during steady s a e operation to he control 

volume shown I ds to the 0 lowing r lationship 

(w h s s 

where the symbols are as follows: 

(A-I) 

w mass flow of fluid entering or leaving control 

volume 

h enthalpy (per uni mass) 0 fluid entering or 

leaving control volume 

"heat value" of fuel 

Q rate of hea ransfer into control volume 

P power delivered to control volume 

and the subscripts are d fine~ helow: 

)s - steam 

) - exhaust gases e 

) a - air 

A-l 

) - watel­w 

) f - fuel 
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Figure A-l. Thermodynamic Model of Downhole Steam 
Generation System 
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Eqn. (A-l) ~s the fundamental relationship from which 

th rmal efficiency and other data presented earlier have been 

found. In evaluating this equation, the following assump ions 

have been made. 

1. Fuel is supplied to establish the requi_ed firing rat. 

The fuel burns comple ely in he steam generator, and 

all the heat liberated is transf~rred to the products 

of combustion and water which increase in enthalpy 

and leave the control volume. The relevant prop r ies 

of the fuel (#2 fuel oil) are as ~ollnwg : 

Upper Heat Value 

Stoichiometric Air/Fuel Ratio: 

Combustion Products (by weight) 

Density: 

40,00 0 BTU/gal 

14.4 1 lb/lb 

20.7 C0 2 ,7.6 % H20 , 
71. 7 N2 

7 . 17 lb/gnl 

2. ~ir is suppli~d to maintain the stoichiometric air/ 

fuel ratio. 

3. Water is supplied to maintain a steam quality of 80 

at the generator ou let. 

4. The air, fuel and water entering the control volume 

o 
have a temperature of 77 F . 

A-3 
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5 . The stearn and exhaust gas 5 (N2&COZ) leaving the con-

trol volume are in thermal equilibrium (uniform 

temperature) . The partial pre ~ sures of the steam and 

exhaust gases are proportional to their respective 

mole fractions (Daltons Law of Partial Pressures) . 

The total pressure of the mixture equals he injection 

pressure. 

6. The volume of the liquid pnase in wet stearn is neg-

lected in comparison to the volume of the vapor phase. 

7. The fuel and water pumping power and friction loss is 

neglected . 

8. Enthalpy change due to heIgh change and velocity 

ch nge is neglected. 

9. There is no pressur chanq be w en the air compressor 

outlet and the stearn gener tor exhaust. Both gravi y 

head and friction loss are ~eglected. 

10. The air compression power l P ) per uni airflow t 
a 

d livery pressure Pd (au ~spheric pressure Pal is given 

by [5] 

11. The efficiency of the engine driving the air compressor 

is 35 . 

A-4 
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