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ESTIMATE OF FACILITIES COST FOR APPLICATION TO NORTH 3SLOPE ALASK
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ABSTRACT

The West Sak {Upper Cretazceocus) sands,overlaying +he Kuparuk fi
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at 2,703-4,800C £+t depths,contains heavy cil (12-23 AFPI) at a low GOR.

With a range of J0IP 2stimates <of 13 <o 25 Billion Barrels,t
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voelr,covering 200 sq.miles (777 kmZ),wculd rank among the largest
Znown <1l fields in the UZ bhut technical diffi-ruliies have so far

prevented itz commercial exploitaticn.Steam injection is the most

sucecessful and the most commoniy-usz=4 methced of heavy 01l recover
its zpplicz-icn 75 the West Sak presents the following major prob

losteam infsotsed from the surface would have to traverzse the 200
(£20mi-thick Permafrcst layer. Jnavoilzthle heat lczszes from the =t
and production tubings rave two detrimental effactsz

a;’tLe injected st=zm quza_ i~y l: greatly reduced, arni

2, me.ting tre Fermafroszt around tne cementad ozsing -uld cazuse
well to sink Wwitn pomentizlly dicastrous effects

Zithe reszrvolir c2:insiz—z -f & mai.r z2nd <
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exposad to steam. condensats, further reduce the rock permeability;

4) high well rates,generally reguired for econcomic operations in

th= Arctic,make it imperative to prevent degradation of permeability.
Such difficulties may be overcome by using a novel approach,in which

steam i3 generated downhole in a catalytic Methanator,from Syngas mads

at the surface from endothermic reactions (Table 1).The thanator
effluent,containirg steam and so0luble gases resulting from exothermic

reactions {(Table 1),is cyclically injected into the reservoir by meanz
of a horizontal draintiole while hot produced fluids flow from a second

drainhole into a central production tubing.The downhole reactor feed
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ow downward in two concentric tubings.The large-diameter
casing required to house the downhole reactor assembly is filled above
it with Arctic Pack mud,or crude oil,to further r=duce heat leaks.

A guantitative ana;y is 5f this production z:-heme for the West Sak
required a preliminary engineering of the downhole and surface
facilities and a tentative forecast of well production rates.The
results,based on published information on the West Sak,have been used

to estimate the cost of these facilities,per daily btarrel of oil

prcduced. A preliminary econcmic analysis and conclusicns are presented
tagether with an outline of future work.Economic and r=gulatory

conditions which would make this approach wviable are discussed.

1

INTRODUCZTION

Published irnformaticn on the Weot Sak reserveoir,.gathered from Ref o
to 2,is shown on Table 2.A locaticn map of the fisld is shown on
Fig.1l,wh=re axistirg roads,sea docks and major flow lires for the
Kuparuk and Milne Foint fields are alsc indicated The main

characteristics of a 19 AFI sampl=z of West 33k coil (taksn from Ref.4:



and the results of sand pack displacement runs {(Ref.5) of this oil
by wvarious fluids, including steam and gas mixtures are summarized
in Table 3.Specific relative permeability data are not yet available

for the West Sax.From this limited amount of information,only a rough

o

ssessment of the technical challenge presented by the exploitation of
this very large oil resource can be made:1.The low 0il gravity and the

oW reservoir temperature,together with the medium range of reservoir

fas

permeability result in low ¢il mobility; 2.The relatively small (20-40C
ft) thickness of =ach of the 8 main layers separated by impervious
shales is another handicap (see Appendix 1).

ARCO’s pilot waterflood,terminated in 1985,has shown that,despite
low well productivities (ca.130 B/D/well),in the deeper part of the
fi=ld,where the 0il is lightest,it may be sufficiently mobile to be
displaced by water.In most of the reservoir,hcwever,a recovery process

resulting in a large increase in oil mobility will be required.

HES
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cible displacement processes are rarely applicable to heavy oils

ancd the laboratory tests with C02-rich injectants presented in Ref.2

and 4 have shown that reservoir plugging by asphaltene preacipitation
from West 3ak cil is likely to offset any benefits of viscesity
reduction rezulting from mixing with the injected solvent.

A more conventicnal way of increasing the mobility of heavy oils i3
thirough the applicaticn 2f steam heat ("huff and puff’"and steamflocd).

This 15 a proven t=2chnology,responsible for most of the ©il preduction
ifornia.Its implementation in the Arctic,however,presents a very
Aifficult challienge tecause of the risk of melting the FPermafrost
wherever heat l-sses may occur from boilers,steam lines,steam tubings

and production tubings carrying hct oil and condensed steam.Freventing

e
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any significant melting of the Permafrost around the cemented casings
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is a major concern in the design of any Arctic =il well compistions.
This becomes even more important for thermal wells,whsre the fluid
temperature levels greatly exceed those of naturally flowing wells.

Permafrost

Effective removal of the bond between cement and melting
could result in sinking of the wells,with potential failure of the
tubular goods.With a solution GOR of about 250 SCF/B (45 m3/m3) and

reservoir pressure

13

xceeding 2,200 psi (15 MPa) in some of the wells,
such a failure might cause a potentially catastrophic well blow out.
In addition,any heat loss from the steam prior to its arrival at

the well bottom reduces the quality of the injected steam, thus
reducing its =ffectiveness in the reservoir.To eliminate this loss is
a major objective of this novel approach,in which the required thermal

energy is transpsrted from the surface to the downhole Methanator in

chemical form,without significant loss.

BACKGROUND
Laboratory displacement experiments by steam in synthetic pocrous
media (Ref.5) have shown that recoveries of West Sak o0il exceeding 785%

are achievzble and that the additiocn of 2an oil-soluble gas (COZ)

]

3
1)
0
J
o
& ]
}J
[1]]
3
n
V]
[o 8
L
H-
d
',.l-
0]
o]
o)
',_.I
<
’J.
wn
0
O
wn
}.).
(+
<
a1
[\
[N
[
(®]
r"
’.‘-
Q
3
W
o)
(o)
4]
b
o
-
t

' 4
3
14
(W]
rh
ot
jo g
1)
Q
(]
'_J
(™)
3

=




tenefits,without. the corrosion risk.Similar displacement experiments
of West Sak oil by steam and natural gas mixtures (Ref.3) have shown
that Methane concentrations of 20 and 25% in the steam/gas mixture
improve o0il recoveries by 12.5% and 10.4% respectively over that of
pure steam at 600 F (315 C).An additional benefit of co-injection of
Methane with steam is that produced Methane contributes to 1ifting the
0il and water phases in the production tubing.

Before considering the injection of steam in any specific heavy oil
reservoir,it is prudent to check whether the screening criteria are
satisfied.A most important parameter is the transmissibility.A minimum
transmissibility of 100 md.ft/cp (3C md.m/cp) is required for a steam
flocd to be successful,according to Taber and Martin’s EOR screening
guides (Ref.10).Based on the published average characteristics of the-
West Sak,this threshold is reached for a minimum layer thickness of 23
f+,provided that permeability remains at or close to its origiqal
value.This requires that no solids (asphaltenes,coke) be derived from
the ©il nor any swelling of the reservoir clays be caused by contact
with condensed steam.The possible use of conventiocnal steam injection

in this heavy <il reservoir is thus made contingent upon maintaining

1.

the iginal t
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anzmissibility.The screening guides in the National

b

an)

etroleum Council EOR study for thermal processes {(Fef.11) have later

reduced the transmissibilty threshcld for steam injection to only

N

md ft/cp,but,considering that reservoir permeabiliiy may be lower
than the average value (150 md) and that the oil viscosity may be
higher than 35 2r in many parts of this very large field,it is still
zlear that zny significant permeability reduction should be prevented

for steam injection to be successful in the West Sak.



MAJCOR BENEFITS OF NEW APFROACH

To meet the challeng= of the West 3ak,a novel approach to steam
injection has been studied in sufficient detail to estimate its oost
and b=nefits.To eliminate heat losses at “he surface and through the
tubing,high guality steam is generated downhole.It is mixed with
hot gases (Methane also generated downhole,Hydrogen and small amounts
of Ammonia gas) prior to injection into the reservoir.

The effects of Methane are expected to be similar to those obtained
in the experiments of Ref.9,and analogous to those of C0O2 addition to

steam (Ref.5),namely o0il viscosity reduction,oil swelling and enhanced

O]

ffects of steam distillation of the West Sak oil.In Ref.1&,R.M.Butler
provides the means to evaluate quantitatively the contribution of
steam distillation to oil recovery,but this regquires information on
the reservoir and on distillaticn curves for W-=st Sak o0il containing
variable amounts of Methane,which are not available in the published
literature.

The effect of Hydrogen is expected to be the prevention of coking
or asphalten= precipitation in the reservoir rock,caused by thermal
2racking of West Sak o0il . Experimental results presented in Raf .12 show
that when heavy c¢ils are heated in the presence of rock,steam.water
ar.d Hydrogen for periods ranging from 1 tc 10 days,sigrifican-ly l-=ss
ccke is produced and oil recoveries by gravity flow are systematically

higher than in the absence of Hydrogen.By analcgy with known processes

used feor refining heavy <crudes and residues,these axperimental resulte

catalysts (2lays and other minerals) prezent in most reservaoir rocks,
~he well-known reac+tions of Hydrodes lfur;zatlJn and Hydrocracking
becocme predominent over those of thermal cracking,in the range of

_6_



temperature and pressure considered here.The injection of Hydrogen
together with steam is intended to prevent plugging of the reservoir
rock by oil-derived solids.Specific measurements on representative
West Sak core material exposed to stem/hydrogen mixtures for periods
of several months are required to confirm the absence of any
permeability damage by coke.The feasibility and general results of
such long-term experiments,however,was recently demonstrated at LBL on
preserved core material from another North Slope Cretacecus heavy oil
reservoir,the Ugnu,which overlays a portion of the West Sak.

The effect of NH3,when dissolved in the steam condensate is to
form NH4+ cations,which,by =xcharge with those originally present in
the swelling clays of the West Sak formation,will prevent the clays
from swelling,thus contributing to maintain the reservoir permeability
at or near its origiﬁal value.This is a well-known phenomenon,but the
specific concentration of NH3 required for stabilizing the West Sak
clays remains to be determined experimentally on representative core
samples of the reservoir.

Other effects of the non-condensible gases in the injectant are to
reduce the partial pressure of steam and its condensing temperature.
This is expected to increase the rate of expansion ¢f the zone
contacted by steam in the reservoir,tc a level ccocmparable with that of
pure steam injected in shallcwer reservoirs,thus making the oil
displacement proc=ss comparable with that of the most successful steam
injection projects in California.

A majcr concern in any thermal prolect is to b= able to deliver heat
to the reservoir at a sufficiently high rate.In man} cases of low Kh
reservoirs,this 1is accomplished by fracturing the formation.In the
present case,it is done by generating high gquality steam downhole,as

-7-



close to the reservoir as possible and by distributing the injectant
through horizontal drainheoles extending about 3,000 ft (830 m) into
the lower part of each layer.The technical feasibility of driliing ani
completing horizontal wells in poorly consolidated sands has been
demonstrat=d in Ref.19,where the required drilling mud —characteristics
are also indicated.

These multiple drainheoles,shown on Fig.7,are connected to a
single vertical well containing respectively the downhole reactcr-
steam generator,the concentric tubings feeding the generator and
also the single production tubing carrying to the surface the fluids
produced from at least one of the drainholes,while the steam/gases
mixture is injected into at least one other drainhole.A downhole valve
section operated from the surface allows to switch each drainhole from
the injection mode to the prodﬁction mode, in succession, thus
alternately operating each drainhole in "huff and puff".Methods =and
equipment required for the drilling,completion and operation of such a
vertical well and multiple drainholes are describ=d in Ref.Z20.

To provide a high heat rate,not only does the access to the sand

fac=2 have to be sufficient,but the downholes generatuor . apnacity miz-
alsy be comparavnle with that of tihe: Tavgest 310 Fis00 steam gensra-ors
DO MMERTIh or 0 53 MWY . In this respect also,the proposed concept

zlezrly departs from that of all previously tested —~ombustor-type
dowrnhole steam generatcors which had a maximum capacity <f cnly 7.1
MMETU,/h.The total volume of our generator is,of course,much larger.It
ter tubss

is essentially a fized bed :catalytic Methanatcer,coolzd by w

@
1]

imilar in design to those of a conventicnal natural circulation

[4]]

boiler.It receives a Syngas feed (H2,C0,C02) and a boiler water feed
~containing Ammonia,all prepared in conventional facilities at the

-8-



surface. It discharges an =ffluent consisting of steam,Methane,Hydrcgen
and NH3 into each of the drainholes through the Downhole Valve

Section (see Appendix 2).

DESIGN CONCEFPT

It is generally recognized that,to offset the high construction
and labor costs prevailing on the Alaskan North Slope,the following
principles determine the economic viability of petrcleum development
projects in that area:1) large reserves,high well productivities and
wide weil spacings are reguired,

2) economies of scale in the facilities are the
key to achieving acceptable capital and operating costs,

3) design optimization is an essential step to
improve the project economics while minimizing operational hazards and
risks to the fragile Arctic environment.

4) to the maximum possible extent,proven designs
and technologies are preferable.This does not preclude the use of new

or emerging technologies.if they have been previously tested elsewhere
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fully understood from an engineering point of view.
There are many examples of such applications of new technolcecgy to the

lope.The TAPS pipeline

n

resclution of specific problems on the North
design itself is unique,and the use of hcrizontal wells at an early

date at Prudhoe Bay provides ancther example of such novelties.

]

The develcopmernt of the proposed —=cncept followed theose principles:
Large catalytic Methanator reactors are used in many industrial plants
and the design of water tubes boilers is fully inderstood.The process
chemistry of steam reforming,Methanation,Water Gas shift,etc...is well
defined by accurate equilibrium constants in the range of pressures

-9-



and temperatures. of interest.Suitable materials and catalysts are
commercially available which have demonstrated their long-term
reliability at the industrial scale in many operating plants.

The high efficiency of transporting thermal energy over long
distances by conversion of Natural Gas into Syngas (with endothermic
reactions) followed by pipeline transport of the Syngas and final
release of the thermal energy by Methanation (with sxothermic
reactions) has been demonstrated at the industrial scale in Germany
in the early 13970’s as part of the ADAM/EVA project built by
Lurgi and Haldor Topsoce (Ref.13)

The design o»f the wells and that of the surface units was based
on the experience acquired in building similar facilities on the
North Slope and elsewhere on the same scale,to get full benefit of
economies of scale and to arrive at realistic cost estimates..

Full optimizaticn of such a large project,however,could not be
carried out without more de*ailed information,only available to the
West Sak o0il owners.The extensive effort of engineering
optimization of the most recently developed field on the North
Slope,the Endicott field,has shown that large savings could result

from such an =2ffort,if it is undertaken in the future.

PROCESS DESCRIPTION

A schematic process flow diagram is shown orr Fig. 2.The feed
to the steam reformer furnace i1is assumed to be residue gas from the
Prudhe= Bay NGL/EOR plant.The produced Syngas provides heat to a waste

heat HP boiler and,after partial CO2 removal,is compressed for

Pede

njection into a pair of wells equipped with Dowrhole Methanators/
steam generators.The compressor is driven by a back-pressure steam

_10_



turbine.The turbine exhaust provides process steam for the reformer
and for BFW preparation and for the CC2 removal unit.The COT i3
recovered and compressed for export as a miscible solvent.Auxiliary
facilities are shared among four such trains.They include a Ligquid N2
oplart,emer gency generateor and start-up boiler.They are integrated
with a small Ammonia synthesis plant (Casale process) deriving its H2
fe=d from a slip-stream of compressed Syngas (see Fig.3).Ammonia is
dissolved in the BFW stream.

Each Downhole Methanator assembly is hung in a large-diameter cased
well and connected to the surface by three concentric tubings.The
inner tubing carries produced reserveir fluids to the oil separator
unit.The intermediate tubing carries Syngas to feed the Methanator and
the outer tubing carries boiler feed water to the steam generator
tubes which provide cooling for the fixed bed »f catalyst (see Fig.4).

The effluent from the Methanator reactor is mixed with steam
and NH3 from the steam/water separators and distributed to at least
one of the drainholes by means of the valve section,while at least
one other drainhole is under oil production.Typical temperatures of
the fluids flowing in the concentric tubings are listed in Table 4.

These tubings constitute a heat exchanger in which most of the

sensible heat of the production stream is captured by the Syngas and

n

EFW streams,effectively preventing this heat from being lost into the
Fermafrost.This improves the effective heat rate into the

reservolr,while reducing the risk ¢f melting the Parmafrost.

RESULTS
The entire process (surface and subsurface) was simulated using a
Bechtel-procprietary computer program.Material and heat balances are

_11_



presented in Table 5 for typical operating zonditions.

The net heat rate into the reservoir is 220 MMBTU/h/well (64 MW/
well) . Composition and enthalpy of each stream are given,including
that of the injectant.The heating duty of the steam reformer
furnace in each train is =qual to that in each of the four process
trains of the Syngas/Methanol/Gasoline GTG plant designed by Bechtel

and built in New Zealand.

DESIGN OF THE DCWNHOLE METHANATOR ASSEMBLY

The Methanator Assembly consists of a stack of four pre-assembled
sections of length compatible with the height (ca.80 ft or 18 m) of
the derricks of drilling rigs available on the North Slope.They are
connected by threaded joints providing the required flow connections
betwe=n elements.Eacﬁ section is made up of two units (Fig.4).Each
unit cecnsists of a series of ceoncentric tubes.The outer annulus

contains the catalyst and water tubes.The central tubing distributes

ct

he

to

FW to the water tubes and the middle annular spaces are used

La]

espectively as steam/water separators and to convey the injectant to

+

the Valve S
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f the varicus elements are given in Table 8,tcgether with
tubings and casing specifications.The numerical justificaticn of the

Mettanator characteristics and its calculated performance as a steam
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in Appendix Z2,based on the physical properties
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2f the flowing Zas mixtures derived in Appendix 2.1
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surface of the casing.lt divides the casad well into two separate

compartments.In the upper part,the annulus between casing and water
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or gelled diesel),so as to prevent any convective heat loss to the
casing.The effectiveness of metal/metal seals for thermal well
completions has been demonstrated for casing sizes up to 24.5 in.(see
Ref.21).In the lower compartment,the annulus between casing and
reactor shell is filled with the Syngas feed,which is pre-heated first
by heat exchange with the hot produced fluids and finally by contact
with the reactor shell,prior to entering the bottom of each catalyst
bed. The cross section of Fig.5 shows thie reactor hanger and the
uppermost unit of the Downhole Methanator assembly while it is run in
through the internal upset of the casing,which is the female threaded
connection of the hanger.The gas-filled sealed assembly is run-in the
water-filled casing.Water in the annular space below the hanger is
displaced by pressurized inert gas and a retrievable plug is set at
<he base of the central water fubing.The drill string used to run the
assembly can then be disconnected and pulled cut to proceed with the
drilling and completion of the horizontal drainholes,the run-in of the
Valve Section and its connection to the reactor head and to each of
the drainhole liners by means of hydraulically-extended telescopic
connectcr tubesz (Fig.B8).The latter operaticns may be conducted with a
lighter rig than that used for drilling,completion of the vertical

well and installation of “he Methanator Assembly in its hanger.An

[
[9)]
0

alternative well completion method,using a single rig,is a

res

g

nted in Appendix 2,together with a more detailed description of

e}

tre Downhole Methanator assembly and of the Valve 3ectioc

o]

OIL FRODUCTION RATE FORECAST

Production rates of horizontal wells or drainhcli=s may be =stimat
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drilled through the same layer,using the curves given in Ref.14.and
from the basic equations for steady state radial flow of oil and gas
and the fractional flow equation for water/oil displacement (Ref.15).
Required reservoir data for this calculation are listed in Table 7.
For lack of specific West Sak characteristics,some of them were
assumed (including relative permeability data),by comparison with
other fields.The result is given in Appendix 3.This calculation only
involves the flow charactevistics of the reservoir and assumptions
regardirng the effect of heat on West Sak reservoir fluids within

the drainage area of each drainhole.To check the wvalidity of these
assumptions,a calculation of the heat loss to the overburden and of
the displaced oil volume was made using the simple method of Marx and
Langenheim (Ref.22),modified for the geometry of a horizontal
drainhole.The results,also shown in Appendix 3,confirm the walidity of
the previous assumptions.The only merits of such a simple reservoir
enginesring approach are that it allows to consider separately the
fluid flow and heat flow phenomena,with minimum information about the
reservoir and without the need for numerical reservoir simulators.

At present,only the owners of the West Sak,who have a more detailed
reservoir description thar that published in Ref.l,are in a position
tc make use of such numerical simulators,in which both the fluid flow
and heat flow are coupled,for each time step.Exicsting thermal oil
reservoir simulators,however,do not take into account the beneficial
chemical effects of -he injected Hydrogen on the reservoir crude nor
the physical effects of the injected Methane.For “"huff and puff” steam
injection,the reserveir performance predicted by available simulators
are often very unreliable (see Ref.23) in the absence of any reservoir
production history.This is one more justification for taking a much

_14._



simpler approach- for estimating the lifetime average ¢il production
of a representative well completed as shown on Fig.7 into four of the
6 reservoir layers (assuming that the other two are tco thin to
justify their exploitation).The 0il production profile vs.time for
aach drainhole operated in the "huff and puff” mode is shown on
Fig.8,which is typical of most "huff and puff" projects.Its
characteristics are summarized on Table 13.The o0il produc*tion decline
in time for each drainhole may be offset by sequentially connecting
more drainhole pairs to the vertical well until all four layers of
sufficient thickness are put into production.It is shown in Appendix 3
that a single drainhole can take the entire steam and gas output of
the Downhole Reactor.Conversely,when the vertical cased well is
equipped all 8 drainholes,7 of them may be on production,so that
the average oil production per drainhole may drop to 1/7 th of its
original value while the well production remains constant.In
reality,it will be more advantageous to accept a steady decline of
production,by bringing into production more of the individual layers
at an earlier date than that required for maintaining well production
at a constant level,but the latter mode of exploitation leads to a
simpler and more conservative forecast of well production.
Considering the total heat rate into the reservoir,the
equivalent SOR for conventional surface steam quality of 70% is found
to be close to 3/1,which is representative of many similar steam
injection projects.The produced WOR is 2/1,which is also reasonable.
The oil production rate from a drainhole of 3,000 ft (300 m) reach,
completed with a 5 in. ID ( 12.8 cm) liner is estimated at ca.8,000

B/D,with a probable range of 18,000 to 24,000 B/D for the total fluids
produced.The spacing between parallel drainhcles in each layer is also
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3,000 ft (900 m)-and it was assumed that each vertical well would
connect in each layer to two opposite drainholes,both alternating in
"huff and puff"”.Assuming that 80 % of the injected Methane is produced
and recovered with the gas originally dissolved in the West Sak oil
the resulting GLR is 830 3CF/B.This determines the size (9.5/8 in.CD)
of the production tubing for a minimum separator pressure of 100 psia.

The steam deliverability through each drainhole was also checked
to be sufficient to take the entire output of the downhole generatcr.

The concentric Syngas tubing and the water tubing were also sized
on the basis of the fluids pressure drops and specified as shown in

Table 6.The methodology used is described in Appendix 4.

COST ESTIMATES

Drilling and completion times in Table 8 w=re estimated on the
basis of current drilling operations on the North 3lope,with the
assistance of drilling engineers experienced with conditions and
costs of available rigs in that area.A 5C % contingency factor was

applied,in view 0of the fact that horizontal wells have not yet been

ot
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The cost of the downhcle reactor ass=embly w based on vendor

m
"

quotes established upon the speacifications of 1its varicus cocmponents.

Agzin a 0 % contingency factor was applied to this estimate,presented
in Table 9
The cost ¢of the surface facilities raguired for the production of

the varicus feeds <f the dcwnhcle rezctors and for all auxiliaries wa

t

derived from Bechtel data about the actual cost of the comparatle
units in the New Zealand GTG plant and from variocous <cocst factors



applicable to North 3lope facilities designed and built by Bechtel.

It was assumed that the plant would consist of heavy (< 2,500 T)
modules built on the West Coast,sea-lifted to the North Slope and
assembl=ed by the techniques used at Prudhoe Bay.No allowance was mad=
for the cost savings resulting from some of the mcre recent technical
improvements in the mode of construction such as those in the Endicot®
field,nor from those of barge-mounted plants such as the Prudhoe Bay
sea-water treating unit.A conventional 30 % contingency tactor was
applied to that estimate,presented in Table 10.

A comparison of Tables 8,3 and 10 shows that the capital cost of a
Syngas plant dwarfs those of the wells and subsurface facilities.This
is very encouraging because it has been shown that systematic design
optimization of such well known process facilities is likely to bring
very substantial savings.The development cost of the Endicott field
was reduced by nearly 50% through such engineering optimization

(Ref.16).

SIMPLIFIED ECONCMIC ANALYSIS

A pro-forma economic analysis of a basic project consisting =»f four
process trains,and their auxiliaries, feeding eight w=113 —qguivoed ~wit}
with downhole reactocrs and produating at =z total rate of 65,000 B/D

fov T35 years is given in Ta

o

le 11,including all economic assumptions.

Th 4
1

Thiz configuration was selected because it corresponds to world-scale

£
pe

pe

acilities providing =conomies 2f scale.In view of the magnitude of
the West Sak,full develcpment of the field would ultimately require
many such basic projects.With a total area of 300 sq.miles (77,670 ha)
this is true,even on a 432 ac. (167 ha) spacing for the vertical wells.

Each of these wells is connected to opposite pairs of 3,000 ft-reach
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horizcntal drainholes,each draining an area of 216 ac.(83.6 ha)

during the "huff and puff"” period of producticn {(Phase 1).Subssguently
the mode of operation (in Phase 2) shifts to either in-filled drilling
of additicnal producing wells,also equipped with drainholes,o>r to 2
steam flood,as shewn in Appendix 5.These production scenarios are
compatible with the results of the well production rates,but they
should be further analyzed and optimized,based on a more detailed
description of the reservcir in the area to be developed.

The areca of the field which would could he ecocnomically developed
by this process,or by any other,is likely to be only a fraction of the
total area.From the reservoir description given in Ref.1l,it was
zconcluded that application of the proposed process may be limited only
to the four upper layers,which present sufficient thicknesses over a
major pertion of the field.This limitation may prove to be too
restrictive.Producing life may also be longer than the assumed 30

vears.The assumptions used in calculating the Modified Internal

wJ
V)
t
(]

of Return (MIRR) may also be more conservative than those
applicable to the West Sak owners.Accordingly,a significant upside
potential may =xist,which was not considered here,in order to
purposely iean toeward a conservative evaluation.

It was,however,assumed that only existirg roads,majcr pipelines
and sea docks would be used,thus reducing gravel costs to a low level.
The gas used in the plant was assumed to be available at no czost
and exempt from royalty and taxes.Conversely,ns credit was taken for

lds or to <other parcts of the West Sak

(b
o

the 02 exported to other fi

which might be operated under a C02 injection recovery process.
Despite rpresent uncertainty about o0il prices,a constant 17 $/B at

the well head (in constant 1930 dollars) was assumed throughout the 29
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years producing life of the basic project.This well head price
corresponds to a West-Coast-delivered oil price of about 25 $/B.It was
also assumed that Heavy 0il would be exempt from the increase in
Severance Tax imposed by the State of Alaska following the Exxcn
Valdez disaster.

While this price was exceeded briefly ut the end of 1930 and during
the first Quarter of 1991,it has since dropped,to reach only 24 $/B in
the third Quarter.This illustrates the difficulty of making such an
economic analysis.In reality,the earliest possible implementation date
for a West Sak project of the magnitude considered here is in 1896 or
later.For that period,a commonly accepted forecast of world oil
prices (Ref.25) reaches values exceeding 25 $/B (in 1990 Dollars)
and shows an upward trend.The assumption of a 17 $/B at the well head
remaining constant (in 1990 Dollars) over the 30 year life of the
project is therefore conservative,based on current information, but
this aspect of the economic analysis remains,by far, the largest risk

a-~tor.On the hand,the deferment of Heavy 0il production from the
kriown major North Slope reservoirs (West Sak and Ugnu) is nct without
risk.Tnis is because the produced Heavy 0il,even after its "in-situ”
upgrading Sy the injected steam and gases,remains too viscous to be
readily transportable in the existing TAPS facilities,unless it is
mixed with a larger volume c¢f lighter crudes produced from other

North Slope fields.With the huge Prudhoe Bay field now on decline at a

ot

teep

"~

a

4]

e,the TAPS throughput »f lighter crudes is =xpected to

e

(9}

line sharply and perhaps even to completely vanish during the

L

period 1996-2026 which is considered here for the West 3Sak Heavy 0Qil
production.In this context,it would be unlikely that oil produced from
the West Sak would remain transportable over a 30 years field life
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and any further postponement beyond 1886 of the West Sak exploitation
would result in a shorter field life,with reduced economic benefits.
Fortunately,there are good prospects of finding large new o0il fields’
onshore,if the ANWR is opened to exploration,and offshore,if the 1 .rge
technical problems of safely drilling and producing wells further
North in the Beaufort Sea are solved during this timeframe.

The simplified analysis presented in Table 11 shows that,without
any benefits of engineering optimization,a 12 % real rate of return
(MIRR) is obtained.

This is comparable with that of a marginal North Sea Development
(Ref.17) to be implemented during the same period and subject to
similar economic conditions.

If,however,further design improvements of the surface facilities
lead to a 30 % cost reduction,thus eliminating the assumed contingency
factor,Table 12 shows that the rate of return (MIRR) reaches the more
attractive value of 19 %.Such a cost reduction appears achievable by
considering various alternatives to the duplication of the New Zealand
GTG plant and its modularization by the technically proven,but very
expensive, Prudhoe Bay construction techniques.With this reduction, the
required capital cost per daily barrel of production would fall to
16,185 $/B/D,comparable with that of many current oil development

projects in frontier areas

DISCUSSION

The magnitude of the West Sak and the difficulty of applying
steam injection techniques in the Arctic justify a more complete
evaluation of the proposed approach than was possible with the limited
information available.The present work should be followed by a proper
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reservoir engineering study of the oil recovery process by steam and
gases.The effects of Methane and steam on West Sak oil need to be
fully understood and those of Hydrogen on the reduction of "coking”
must be quantified for this particular reservoir,because wide
variations of thes= effects may exist,depending on the o0il composition
including sulfur content,and on the reservoir mineralogy.These future
experimental data should be used in a reservoir simulator to improve
our simplified oil production forecast.The extent of the permeability
reduction by swelling clays should alsoc be evaluated to arrive at a
better estimate of the NH3 requirements.The effectiveness of this
additive is well known and the Syngas process lends itself to low-cost
synthesis but process optimization is required for this as well as

for the Syngas plant.Finally,the downhole Methanator assembly should
be field tested in a heavy oil field where such a pilot test can be
made at a small fraction of the cost in the Arctic.One such location
is presently under consideration by an operating oil company.

Given the long lead time required for the implementation of any new
large o0il development project on the North Slope,and the necessity to
greatly reduce all technical risks before committing the large capital
expendituraes reguired in the Arctic,erngineering work on the proposed
new process and downhole hardware will have to continue at a faster
pace in order to resolve all the remaining problems in time for a 193¢
start-up.A considerable amount of reservoir engineering work will also
have tc be dcne during the same time period by the West Sak owners,who
are the only ones,tcgether with the State of Alaska,with access to the
detailed information about the reservcecir which is required for any

worthwhile reservoir simulation.
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CONCLUSIONS

1. The possibilty of recovering some of the West Sak heavy oil by a
modified steam injection process has been evaluated to the extent
possible with the still limited information available on that huge
reservoir.

2. The challenge of transporting large amounts of heat through the
2,000 ft (600 m)-thick Permafrost zone is met by providing this energy
in chemical form by a Syngas feed stream produced from Natural Gas at
the surface.

3. Syngas is converted back to Methane in a downhole catalytic reac-
tor by highly exothermic reactions,which are used to make additional
steam.Preliminary engineering of all surface and subsurface facilities
show that a heat rate of 220 MMBTU/h (64 MW) per well is achievable
with a temperature of injectant (steam and gas=s) of 620 F ( 2315 C)

4. The injectant (steam and gases) is delivered to the relatively
+hin and moderately permeable layers of the West Sak through multiple
horizontal drainholes operated in "huff and puff” anli connected to
large-diameter vertical wells,resulting in an estimated average oil
pr-ducticn rate of about 8,700 B/D/well.

;. Ez+timated casts of all the regquired surface znd subsurface
fasilities were based on preliminary engineering and krown cost

elements of similar install=ztions.The cost of the surfacz
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7. Additional work,including a pilot field test in a lower <ost arez
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is being considered.
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TABLE 10
CAPITAL COST SUMMARY

SURFACE FACILITIES SERVING EIGHT DOWNHOLE REACTORS

$SMM
Major Equipment Bulks Labax Total
Reformer Section 165.2 140.8
Compressor Section 22.0 18.7
CO2 Removal 17.2 9.0
Crude Separation 28 2.4
Total On Plot 207.2 170.9 125.0 503.1
Off Plot 70.2 77.7 27.8 175.7
Includes Desalination
Contractor Indirects 166.2
Catalysts & Chemicals 5.0
Tax, Duties. Freight N R 2
Camp & Catering 16.9
Sealift & Module Movement 86.3
Total Fleld Cost 961.5
Engng. HO and Fee 75.2
Total Contractor's Cost 1036.7
Owmner Costs 99.0
Contingency at 25% 283.9
Total Project - mid 1990 1419.6
TABLE 11
PRO-FORMA ECONOMIC ANALYSIS OF THE BASIC PROJECT
Assumea 12.5% royaly and 10% s tax on WH pncs
3 :de:Hm k:,r State & Federal taxes
355 Dsy procucdon a 85,000 B/0 congtant ‘ote for J0 years
7% p.amerest rae rom year 1 10 year 32
Capeal Capex 04 M
Yox Cost( (ai% ( Cost(Shi)
1 (751 670 [
S G :
TOTAL. (1.503) TOTAL NPC: (980}
. Opex Gr Taxable NPV
Rl% Cg‘(I v :L?)a [¢ a‘(‘-:noyo.‘si.l‘.) {csc) [€ AR
3 ) 0.® 258 ') 20
4 é‘ng 0 E 241 0 0
s 0% 1 25 0 0
6 1 03 1 210 0 0
7 (168) 029 1 94 18 8
[} ] 81)wO) 0.8 1 182 166 86
3 0 1 170 160 83
10 0 1 020 1 157 147 76
1 o 018 ( 148 140 73
12 0 ?sﬂ(w 0) 016 It 139 129 67
13 0 45) 0.14 130 124 64
14 0 253) 0.12 3 120 e 59
15 0 45) o1 S| 11 106 55
18 0 ?stgtwowm 105 100 52
17 0 45 008 a 98 3 a8
18 0 253} 007 4| 90 86 45
19 0 4 008 8 80 2
20 0 551} 0.08 77 74 38
2 0 0.0¢ 74 b a7
2 0 S} 0 % s 66 4
22 0 & 0 1 s 64 33
2¢ 0 é} 0. 11 8 58 0
25 0 & ) 1 58 s5 29
2% 0 0.0 1 2 51 27
7 0 0.0 M 50 “ 25
F- ] 0 g 0.008 (373\ :? :9, ﬁ
2 9 3 oo 2 “ a 5
: ¢ o oW B £ 8 2
= 0 : ’ TOTAL NPV = 1,148 SMM

REAL RATE OF RETURN = 12% (after tax)

TABLE 12
PRO-FORMA ECOVOMIC ANALYSIS AFTER 0% REDUCTION OF SURFACE FACILIMIES
COST BY ENGINEEMNG OPTIMIZATION WITH SAME ASSUMPTIONS AS IN TABLE 13
Yoar Rev Capaai Dec fact Capex OtM
Cost(SMM) (oR | Tax) (SMM) Cost{$Mm)
1 (528) 0.670 (352) 0
2 (528) 0635 (334) 0
TOTAL: (1.052) TOTAL NPC. (686)
Depr. ohM dactac.  Opex disc Grosa Taxable NPV
ACRS  Cost(sMad) (aR1T)  (SMMM) (-Roy .S.T) (Gsc) (shLT)
3 (3 (4S) X} 22) 258 97 0
. (218) (59 04 (23} 241 0 ]
K] (187) (45) 03 n 25 3 21
8 (110 (59 03 an 10 83 43P0
14 (54) (a8) 029 (13) 194 127 [
8 0 ®1) w0,) o028 (16) 182 166 [ ]
9 [} (45) 023 (10} 170 160 8
10 ] {83 020 (0 157 147 7%
" ] (45) 0.18 ® 148 140 n
2 0 61) woO) o168 (10} 139 129 .14
13 0 (4%) 0.14 (6) 130 124 o4
14 0 {53 0.12 ®) 120 114 9
15 0 (8 [ 3} (L)) 11 106 55
16 0 (81) w.0) 008 (s) 108 100 52
17 ] (48) 0.03 (4) 98 °” 48
18 [} (83 007 (4) 90 ] 45
19 ] (4S) 0.08 [x)] 8 80 42
20 o (53) 005 3 ” 74 38
2 /] (4S) 0.04 @ 74 72 7
2 ] (5 003 @ [ -} é8 k2
2 0 (45) 0o (1) 6s 6433
24 [} 5% o {1) E L. 0
-] [] (45) 0. (1) 8 5 2
2 [ (53 0.01 " 2 1 7
a7 ] (45} 0.01 1) S0 9 -]
-] (] {59 0.008 (] 48 L -1
-] 0 (48) 0.008 02 47 7 24
0 0 53 0.004 0 L] “ 24
N ] 0.003 0.1) 45 as pal
k-4 ] (5 0.002 (0.1) < a2
TOTAL NPV = 1,300 $MM (after tax

REAL RATE OF RETURN = 19%
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T4BLE &
REACTOR ASSEMBLY ApD WELL. CHARACTERISTICS
Catalytic Bed:

Singas total flow rate >= 100 MMSCF/D
Syngas composition =< 3.5 H2.1 CO
Vertical gas flow through the bed
Total Catalyst Volume = 370 CF
Bed cross section =< 2.0 sq.ft
Total bed length >= 208 ft
Bed porosity = 35 %
Catalyst particie diameter = 0.008 ft
Number of bed sections = 4 in paraliel flow
Gas pressure drop per section =< 100 pst
Bed discharge pressure = 2,575 psia
Bed temperature =< 800 F

Water tubes system:
Total cooling water rate = 168,000 #/h
Number of unit bundles = 8 (2 per bed section) in parallel flow
Number of tubes per bundie = 82 in paralle! flow
Tube length = 37.5 ft (in helix)
Tube OD = 5/8 inch ID 1/2 inch
Bed volume fraction occupied by tubes = 12.3 %
Tube discharge pressure = 2,625 psia
Tube discharge temperature = 675 F
Cooling; water temperature at tube inlet >= 400 F

Injectant per weil @ 98 % conversion:
Reactor effluent temperature >= 620 F
Reactor efffuent pressure:. 2,575 psia
Total ijected steam:223,000 #/h (@ 100 % quaiity)
Injectant voiume: 152 MMSCF/D
Inject.composition:steam 0.744,CH4 0.211,H2 0.039.NH3 0.004,C0 0.002

Characteristics of Tubular Goods Outside Reactor Assembly:

item oD (in) ID Drift D. Coupling OD Steel Supplier

Drainh.Liner 55 5.0 NA 55 L-80 Hydril

Prod.Tubing  9.5/8 8.921 NA. 10.141 (VAM) L-80 VAM

Gas Tubing 11.3/4 10.772 10.616 11.9375 L-80 Hydril

Water Tubing 13.3/8 12.347 12191  AP! L-80 Any

Casing 245 25 25 AP} X-70  Mannesmann

Characteristics of Tubulsr internals of Reactor

tem oD (in) 1D Alloy Supplier

Reactor Shell 21 202 Hasteioy C-22 Haynes int.

Water Tubing 2.3/8 2.0 id. 1d.

Gas Tubing 35 3.0 d. id.

Steam/water Sep. 55 495 Croloy TP 321H Babcock

injectant Tubing 7.0 6.4 Hasteioy C-22  Haynes Int.
TABLE 7

RESERVOIR PARAMETERS USED IN FORECASTING OiL PRODUCTION RATE
WEST SAK UPPER SANDS

Typcal Depth: 3500 t Pe =< 1,815 psia Te = 75F
Fractunng Pressure: 2815 psia

WEST SAK LOWER SANDS

Typical Depth: 4000t Pe =< 2000psa Te = 7SF

Fractunng Pressure: 3.215 psia

RESERVOIR FLOW PARAMETERS
Qoh >= 5 Qov for 3,000 1t reach (Ref.14 )
Qov = steady state radial flow rate »nto a vertical wed
Tiyectant = 620F Tav = 3475F

P sep. >= 100 pma
External racius = 1,500 ft
Wel radius = 0229

K(md) n ) e(%) So Ko
150 0 >=60 09 009 06

Krw Kig Bo Bw o (cp) uw ugling)
14 10 1.5 0.14 00238

TUBULAR FLOW
K.E.Brown's Pressure Gradient Curves for hornzontal and verbcal flow

EQUIVALENT STEAM VOLUME FOR ESTIMATE OF EQUIVALENT SOR:
(Total heat rate - 20 % heat 1038 to overburden) / enthaipy of
conventional 70 % qualty steam)

TABLE 8

DRILLING AND COMPLETION SEQUENCE AND PRELIMINARY COST ESTIMATE

OPERATION

COST (1,000 §;
Auger 42 in.hole & install 80 ft of 36 n.c. ductor pipe . 25

2) Mobiize/demob 11g (Nabors 18-E) @ 20/day tor 12 days . 200
3) uril 30 in.hole to 3.000 ft (3 days @ 40/cay) 120
4) Run24 ncasngto 3000 @ 150 $M . . 450
5)  Cost of 4 connector joints in casing sting . 40
6) Cement 24 n. casing (5500 cuft) . ... .. ... 100
s Hang Downhole Reactor Assembly (1 day. . 20
8) Drit 2 horizomal drainholes 8.5 in. 3000ftlong(12c!ays) 600
g) Compigte 2 horizontal holes (5.5 in.slotted liners + 2 days) . 95
10)  Run 13 3/8 ntubing, Cross-overs, connector/valve assemb!y 140
11)  Run 11 3/4 intubing (36 $M + 1 day) . 128
12) Run 9 5/8 ntubng (31 $/ft + 1 day) 112
13) Walihead (w/metal/metal seats) . ... .... .. .. ... .. 160
14) Chastmas tre® . ... ................otui . 110
Total ... ... ... 2,300
Costs include: mud, drilling toois & bits, cement, tubulars, all frenght
15)  Contingency factor (50 %)  .......... .. . .. 1,150
Totalr\dconnngency 3450
TABLE 9
COST ESTIMATE OF REACTOR OVERHEAD ASSEMBLY
INCLUDING CROSS-OVERS,CONNECTORS AND DOWNHOLE VALVE SECTION
RAW MATERIALS:
tem Material Cost (1,000 $)
18 n.0D Outer sivel(0.4"wall) Hastelloy C2@99 ¢ 25
Lower Cross-Over Section Hastelloy C2@10¥s 10
Twin Connectors Section(7* 00) Stainless RIHE ... 10
Vaive Section (90 1.5.5°00) Stainiess R21H@ .20
Upper Cross-Cver Section Hastelloy C2@owe .. .. 10
1/4° Hydrauiic Lines (9.000 ) Stainless 4@ 1M... .. .9
300 tubing clamps Stanless W4@206a .. .. &
Suttotal raw matenials 90
DESIGN,FABRICATION AND TESTING: . . . ........... 500
VALVES.INSTRUMENTATION AND CONTROLS:
2 Downhole Vaives . . . e R I ]
1SyngaFoedComolVaM.. ............ o ... 5
4 Temperature Controllers . . . .. e . . L 10
4 Water Lovel Controlers . . .. ... . ... ... .. 20
1 Reactor Control Computer . . . . . . . ........ .. .......... 20
Assembly and Testng . . . .. ... ... . 100
Subtotal insruments & Controls 200
Warshousing and Freght: .. .. . ... . .. B .. 50
CONTINGENCY FACTOR (50%) .. .. ... . 420
TOTAL (lndConnr\oorcy) 1,260

COST ESTIMATE OF DOWNHOLE REACTOR ASSEMBLY
RAW MATERIALS:

tem Material Cost(Gult Coast)
(1,000 8)
21 in Reactor shell (250 ft) Hasteloy C2 @998 243
2 /8 Water tutung (250 ®) Hastelloy C-2 @ 1535 $m 38
3 1/2 Gas tubng (250 ) Hasteldoy C-2 @235 58
5 112 Steam-water Sep (250 #t) Croloy TPRIH@EAT 16
7 n.injectant tubtsng (250 Rt) Hastelloy C-2 @ 585 149
5/8 in. Water tubes (25,000 ft) Croloy TPRIH@325 W 81
Treeaded reacter hanger/mead Hasteloy cCx2@ious . . 41
14 reactor unt head/base Hastelloy C2@10%# 388
Reactor base Hastelloy C-2@10us 20
Subtotal Materais 2034
DESIGN.FABRICATION AND TESTING . R 2,000
Warehousing and Freight . . 200
TOTAL DIRECT COST 4234
CONTINGENCY (50%) o 2117
TOTAL (inci.contingency) 6.351
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TABLE &

Crid - MPH X 7570, 7870, 1570.9] 15703 1570 1870. 1876, 9
X 0 X . o
e X 0 X )
10 0 X X 0
CsH1 X : X X X X X X X o
o 20 1287, ) 129 758, 756 756.4 7%8. 756.4 750. 754 0
X 76, 76, 76.6 7s. 76. 76, 7e. 0
X 0. "0 X X 0
a741.e aran. aTa1 4| a7ard] a7 Y20 2N 0
X 77993.3] 179830 17993.3] 17993 i 17003.3 17993,
X X X 7s. 78, 75. 37.8 37. 18, T 9707,
T397. 297 1207 80 282138 2821381 78313.8] 3517881 28178.8] 281805  Z8184. 8707,
1207, 1287, 1297, 7088 1] 7068.1] _ 70es.i]  7085.1] _ 7088.1] _ 7088.11 _ 70881 X
X 5. 5.0 42410.5] __424v8.5] _42418.5] _ 42343.2] 42343.2] 423044, _42304.4] 19438,
75984 ; 7588, 8329 6329, $320.5] _ 6291.9) 291.8] 6273 8373, 7
0. 0. 0. 183. 183 1836 153.8) 183.6) 183, 183, 0.
371 571 (321 2310711 __231071] __231071]__ 230382] 230 230642] 23004 748
700, (X 100, 1 1
7. 268 268 1 .21 [TX ] ST 3.14
Titaa] 31124 31404 787, ~309. ~288.07] 1137,
) 2 2.7 FT)
37 3, 3.
3.14 3.14 31
o.77] (%l (i
| __o.001
0.0
73 71 71
1377 1 127
0.202 0.282,
2.11
Te424,
118

TABLE 8

Downhole Facilities
Hest ancd Mass Baiance Per Relormar Fumasce

(Per Two Wells)
- [] 21 22 23
Sream Neme Methanater | Methanator Seam Combined
Properties Fond Effuert | Gonarated | injectant
[Lomposen
CHd - 1570.3; 7082.4 7082.
Ca . 0]
0 . 0] X
CBHY. X .0| K]
OooR 758. 18.8) X1 15,
NG 76.8 76.8 . 76.
Q 0. 0| .0] X
(] 47414 . 2] | .2,
. 17993.3! 808 .1 .0 80681
2O 18.2] $241.2 18650.1 24891
ol - MPH 25158.5 14192, 10650.1 32842.
1 70891 7068.1 0. 7088.1
H stoms 42304 4] 42304 4] 37300.2 79804
O $272.4) 8272 .4 10650.1 4922,
sloms 153.8) 183. 0. 183.
C 230042 23004 33 58804,
“Deg F 450. 500) e78) 736,
Press - Atm 19 180) 18 [
M Dusty 245971 -687.38) -1744. 24318
Deta H 40, 4414
joxyy cart .00
.00
H2/CO .79
H2-COZM00+CO2) 14
Soudousré Ratio 0.004! 20009,
O20;8i0=1
Oolin T SMA - Deg F -20.0]
Eq. Termp - Deg K 710.9)
Ooltn T WGS - Deg F -20.0f
Eg T - Dog X 710.
Equitd Constants
X - WGS 9.
K - SM 0.0004
K - Boudouard 3849
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TABLE 4
TYPICAL FLUID TEMPERATURES IN CONCENTRIC TUBINGS

Central Syngas Water Well
Production Intermed. Outer Casing/
Tubing Tubing Tubh% Cement
Surface: 330 F 300 F 100 25F
Bottom: S\0 F 400 F 300 F 125F
TABLE §
Surface Facilities
Hoat and Mass Balance Per Reformer Fumace
R Furnsce Cosling ol
Stream_Number 3 1 4 S_ (] [] 7 [] []
Skwern Narsw Fead Gas FesdGm [COR Recycls] Swam Con Fesd [ [ GeaOut | Cooled Gas Wetr
Propertes Mol % H20 Free Gm
ICH4 - 11PW 7. 6122 . X 6122 8/ 1570. 1576, 1570, 1870. 1879..
B 384.1 . 3841 X X K X
2 153, 183,68 X
0 [ 23. FEX X
0. [ X
R 1 921, X . 921 2084. 2054. 2054 . 788
1 78. . X 78. 76. 78, 78. 76. 78.
X X X . 0. 9.
4741 4] 47414 4741, 4741 4741,
X X 17903. 17993, 17983 17983. X [] .
X X 18732 10732 9728 $728. 9728, 7S, 9880 78.
[ 7682. X 16732, 24418.3] 8162, 36162, 38162, 26811, 0680 28213
; X 0. 8388 X [T 7% 8368 X X K]
0288. X 33484.1] 81710, 81719, 81710.6] 1710, 42418. 19301.1]  42410.
1843 . 18733 10575 8] 10878, 18878. 18878 9938 92054 X
183. X [X 183, 183. 183. 183, 183. [X 183.
1006 4 30144 4620 48208 48208 46 208191 173 231071
X 448 1000 1616, 1000 s 100. 100. .
208 20.24 24 84 2¢ 14 .44 22.74 227 1.4
-307.8: 0 SAS87.71] -1743.63] -1032.27] -1222.61] -14190.04] -529.27] 113031 318 2
181 71136 -190.34] 1866 -240 8!
3. 3. 3.7 3. 3.
2. 2. 2.3 2.3 3.t
0.4
-+
15.0¢H20 mal fracten 0.002:
1144, el fracton X |
7183,
X
94258
0.0:
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TABLE 3
RESULTS OF SAND PACK DISPLACEMENTS OF WEST SAK OiL WITH VARIOUS FLUIDS

M.W.Hombrook et al.
19 AP! West Sak od in Okiahoma NoO.1 fad loss control sand pack:
muwwsrwcozmos@tssommmmm

Run T CO2/steam Sgl Rec.@ 3 PV WOR @ 3 PV
No. (F) (mol/mot) (%) (%) (%) (8/8)

1 660 o/1 89.1 0 67 4.1

2 680 o1 775 112 k-3 136

3 660 mn 88 0 74 1.4

4 660 ] 89.1 0 80 22

1) 660 1/4 90.8 0 80 2.1

6 570 13 88.1 0 80 22

7 572 1/4 89.9 0 73 3

K Deghary et al.

19 AP! West Sak oil displacement in sand packs:
Displacement by Steam/CH4 mixtures @ 600 F

CH4 in CH4/steam mixture Ultimate Recovery improvement
0 (pure steam) 0 (by definition)
20% 125 %
25% 104 %
AKSharma et al

Run NGL T P Ui.Rec. Sight Interpretation
No. (mol %) P (psis) (%) Glass {w/23 comp. model)
1 50 80 2,500 39.7 2-phase Immescible Asph.Prec.
2 50 80 3.500 63.1 id. d id.
3 176 80 1,900 738 id. id id.
4 176 80 2,350 74.7 id. d id.
5 176 80 2,500 736 ? d id.
(] 176 80 2775 75.3 ? id id.
7 17.6 250 4,050 54.7 2-phase id id.
8 350 80 3.500 78.1  t-phase MCM ?
Displacement by C02'
1 1,750 45 2-phase immiscible d.
R.A.De Ruiter et al.
18.5 APi(odl A) and 14.0 APi(oil B) West Sak oils in 6.1 m Sim tubes
All runs except those with pure C2 show asphaltene precipdation
© Average | Volume of Gas | Breakthrough oll
Pressure | Velocity Injected (% PV) Recovery Result
(psi® {ft/day) | (Prectiom PV) ™ PV)
Ethane
2000 138 1.33 85 973 miscible
1500 95 121 78 967 miscible
1200 238 1.72 65 948 miscible
28 143 123 70-80 943 miscible
433 136 1.13 40 703 tmmiscible
* 2000 13 120 86 937 miscible
[0 ]
2000 | 168 | 1 08 2 ] 488 | immiscible

0_ 1
Ethane /Propane /N-Butane (38/34/31 mole %)
1525 | 135 | 1.23 1 86 [ 1007 | miscible
Methane/Ethane/Propane /N-Butane (32 mole % Methane)

2000 131 125 75 96 1 miscible

1500 135 139 83 977 miscible

1000 11.6 1.22 73 950 miscible
Methane/Ethane/Propane/N-Butane (42.8 mole % Methane)

2000 83 122 78 935 near-misctbie

1500 179 123 82 870 fmmiscible
Methane/Ethane/Propane /N-Butane (31 mole % Methane)

2000 176 1.20 68-76 84 2 immiscible

1500 14 2 126 78-85 88 3 immiscible

All displacements performed with Oil A except displacement marked by *
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TABLE 1
QVERALL REACTIONS AHD HEAT MALANCE

SURFACE REFORMER CHe + H20 —» 3H2 + CO
CO + H20 » CO2 + M2
AT 880 °C & 25 ATM. OUTLET
ENDOTHERMIC @ 355 MMSTUMA PER WELL

METHANATION 3H2 + CO — CHgq + H20
4H2 + CO2 —+» CH4q + 2420
AT < 425 °C & 183 ATM.
EXOTHERMIC @ 220 MMETUMHR PER WELL

TABLE 2
PUBLISHED INFORMATION ABOUT THE WEST SAK RESERVOIR

Estimated OOIP: 13 to 25 x Bilion Barreis
Areal extent: ca.300 sq.mies

Oil Gravity: 10.5 to 23 AP

Reservoir depth: 2,500 ft to 4,600 ft
Reservoir temperature: 45 to 100 F
Number of separate layers: 6
Thickness of each layer: 10 t0 50 ft
Average porosity: >= 30%

Oil saturation : 60 to 70 %

Typical permeability : 150 md

sweling clays, Giauconite, Siderite reported,

Characteristics of oil samples:
Ret.S

. Ref.2 (ol A) (ot B)
AP gravity: 192 18.5 14.0
Viscosity: BAcCp @BOF 256 @ 75F 5392 @ 75 F
Solution GOR: 210 SCF/STB 167 @ B.P. 126 @ B.P.
Bubbile point: 1,690 psi 1318 psig @ 60 F 1,234 psig @ 60 F
Oil FVF: 1.069 B/STB 1.053 @ B.P. 1.035 @ B.P.
Gas composition: 98% CH4 NA NA.
C21 + fraction: 78.82 mol % 69 w% 85 w%
MW: 455 (C21+ frac.) 330 (cead oil) 446 (Cead oil)
Sulfur w% 1.82 1.03 1.39
Asphaltene w% 28 49 48
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APPENDIX 1:RESERVOIR DESCRIPTION

1.0BJECTIVES

The main objective of this contract is to evaluate the economic
viability of a novel Heavy 0Oil Recovery Process (US Patent
No.4,706,751) for a specific case,namely the West Sak heavy oil

reservoir,located on the North Slope of Alaska (see Fig.la)

1.1.BACKGROUND INFORMATION

This reservoir.of Cretaceous age,is estimated to contain 25 Billion
Barrels of heavy o0il in place.This heavy oil ,of 10.5 to 22.5 API
gravity,lies at depths ranging from 2,500 to 4,600 ft (see Fig.2a).
The reservoir is overlain by a 2,000 ft thick Permafrcst zone.Its
proximity to the reservoir results in low reservoir
temperatures,ranging from 45 to 100 degrees F.A complete description
of this extensive reservoir is given in Ref.l1 (Panda et al.,1989).
Six continuous sand layers have been mapped:the Upper Sand No.1l and
Upper Sand No.2,separated by a 10 to 40 ft shale interval;the Lower
Sand No.l1 and Lower Sand No.2,separated by a 30 to 40 ft thick
shale,and,finally,the thinner Lower Sands No.3 and No.4,separated from
the Lower Sand Ne.2 by a thick (50 to 100 ft) shale section containing
minor sand lenses (see Fig.3a).

The gross pay thickness of each of the two Upper Sands and that of
the Lower Sands No.1l and 2 exceeds 25 ft over very large areas (70
to 300 square miles)for each of those four main oil sands.Average
porosities are high (>30%) and the oil saturation is 60 to 70%.The

-1-



rock characteristics,given in Ref.l (Panda et al.,1989)and Ref.3
(Kamath et al.1985),show that this reservoir is a fine-grained
quartzitic sandstone,very friable,containing Illite clay minerals,
Glauconite and Siderite.It exhibits a medium permeability (<150 md).

Under the criteria established by Taber et al.(Ref.10) to serve
as technical screening guides for various Enhanced 0il Recovery

processes, the conditions required for a successful steam flood are:

a sand or sandstone of high porosity,

an oil saturation exceeding 40%,

a net pay thickness exceeding 20 ft,

a transmissibility exceeding 100 md.ft/cp.
The viscosity of a 19.2 API sample of West Sak oil,given in Ref.4
(Sharma et al.,1989)is 35.4 cp at a reservoir temperature of 80
degrees F.For a permeability of 150 md,the transmissibility of each of
the four top layers,of thickness exceeding 25 ft,is equal to:
150 md x 25 ft / 35.4 cp = 106 md.ft/cp

Accordingly,each of the four layers considered would satisfy Taber
and Martin's technical criteria for successful steam flooding.
The high reservoir pressure of those deep sands (1,150 to 2,200 psi)
is,however,too high for an economic application of steam injection by

conventional techniques.

1.2-TUBING HEAT LOSS ELIMINATION REQUIREMENT

Ref.10 (Taber et al.,1983) also states that "because of excessive
heat losses in the wellbore,steam flooded reservoirs should be as
shallow as possible".Indeed,at present energy prices,most steam floods
become uneconomic at depths below 2,000 ft.

-2-



Tubing heat losses for the West Sak must also be reduced to a very low
level for important technical reasons,namely that it is essential to
prevent melting of the Permafrost.With the well casing necessarily
cemented to the Permafrost zone,any significant melting of this 2,000
ft thick zone would destroy the bond between cement and the
surrounding frozen rock.This would cause the well casing to
sink into the ground and would ultimately lead to the destruction of
the well.According to Ref.5 (Hornbrook et al.,1989),the West Sak oil
is undersaturated but contains a significant amount of dissolved gas
(210 SCF/STB),which would be released in the event of mechanical
failure of the well,further endangering the operating personnel and
the fragile environment of the Arctic,where a well on fire could have
catastrophic consequences.For this reason,the exploitation of the huge
0il accumulation in the West Sak reservoir (the largest known oil
field in the U.S.) cannot be achieved by conventional steam
flooding,despite the fact that the technical criteria established by
Taber and Martin (Ref.10)indicate that E.O.R. by steam injection would
be successful urder normal circumstances.

The heavy o0il recovery process described in US Patent No.4,706,751
overcomes this difficulty by providing downhole the large amount of
heat required to make the oil flow.This heat is supplied in the form

of steam and hot gases by means of a Downhole Methanator.
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Figure 2
Contour Map Showing Depths to the Top of
West Sak Upper Sand 1
(AA’: SW-NE Cross-Section, BB’: NW-SE Cross-Section)
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APPENDIX 2:DESICN OF THE DOWNHQLE EZACTOR

Contract DE-FG 031-
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4. TASK No.3:DETERMINATION COF HEAT TRANSFER FROM CATALYST TO FLUIDS IN

THE DOWNHOLE METHANATOR

4 1-MAIN CHARACTERISTICS CF THE CATALYTIC REACTOR
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unit Is cowl=ad Ly its wn set of helical-wound water tubes.all

connected in parallel.Each tube in the unit delivers at the top =

mixture of steam and hot water to the unit vertical steam-water

s=paratcr.The water feed at the base of =ach tube is a mixture of

hot water from the saparator with a make-up stream of cooling water.
Regarding gas flow,the beds from various units

may be connected in parallel,being supplied from a common

Ul

yngas feeder tubing,and discharging intc a common collector

space, into which the wet steam from each unit separator is flashed.The

main purpose of the parallel connection is to reduce the pressure drop
acr-ss =ach uni*t bed.This is necessary if gas flow through the beds is

vertizal (upward or downward).In the -
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enough to give =ach unit bted the total length zllcwable for‘each
section.

For sase of temperature control of each unit bed,these may be

(W]

2th units in the pair conrected in

grouped in pairs,with b
ries for gas flow and

0
g

in parallel f:r water flow.

Thiz temp=raturs control process,develcoped by A.Foss (Rer. 31,1827
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vertical casizg and the lorizontal drzirholezs
dzpth, it also requires a 7200 ft deeper vertics

unavoidable heat losses through the casing, adj
*hen zontributing heat o the ©0il zoane rather

hal-=.

w

The beottom =2nd discharges

tc be located at the

the valves ~rl

The and 1
relatively thin

=

coentrolled over a few inches of bed thizkness,
22 to 20 £t
n all caszes,the Synzgas fe=d 1s pre-heated
fin cournter-current) againzt the hot praoduced
transfasr from the bed, through the reactor shel
2x2hange Wwith the Methanator effluent through
wall (Fig.32 and 13) 2r through the inl+=t 3oree
Tonversaly the cooling water is also pra-he
fr.om the wirmer fliids from which it is z=para
w3al_.,zucecessively Syngas and produzed flailds
It is clear that pre-hi=ating the ocoling wa
heat zouree, such as the wroduced flugils, rezult
total heot rate delivered 1o the rezervoir.a o
Mcst of the heat in tge water stream at the £y
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optimize the configuration of the Methanator assembly.

4.3-DATA REQUIRED ¥OR HEAT TRANZFER CALCULATIONS
The coefficient of heat transfer from the particles of a fixed
bed to the gas flowing through the bed,and the coeffizient £ lea=
transfer from the bed to the internal water tubes or to the feed gas
tubing or szcreen in contact with the bed zan all be derived from
publisnhed correlations,based on experimental data.
The wvariables in these correlations are respectively:
-the Reynolds Number: Re = v.Dp.{f / uf,
-the Thermal Conductivity: Kf of +the flowing gas phase,
- the Heat Capacity: Cp' of the catalyst particles,
where: Dp is the catalyst particles mean diamster (ft.),
v is the superficial veloscity of the fl-owing gas phase (ft/s)
(v = Q/S),where Q is the gas volume fluw rate,in ACF/s at the
reactor z2onditions,and S is the total cross-sectinnal area c¢f the

catalytic bed (sq.ft),

wE is the flowing gas viscosity (2/ft.s3)
"f is the flowing zZas specific gravity (#/CF} at reactor

o
o
=
(a2}
’_h
u
@

xpressed in BTU/h.ft.°F

M

and Cp'ils expressed in 2TU/#.°F,

]
o

thz heat transfar co:ffizizn<z ho will be 2xprez:zad in
BT} /v .sg. 5+, °F
The lerivation of pf KO, Y is given in Apperndiz 2.1 for the
follewing typical conditions:
~Syngas f=22d rat=:100 MMGTE,D
-Bed cross sactional area: 2.8 sq.ft and 1.5 =q.ft



»

o

gas =conditions: 620 F,2,675 psia

-Zutlet gas conditions:880 *o 320°F,2,575 psia

The values of Re are als: givern for the average val ez of thesa
parametars and for two 3izes of -catalyst particles:
Dp = 0.CC4 £t and Dp = 9.008 ft

Acrording to Ref 37 {(Z-nz and thmer,iBBDv.the heat transfer
coefficient from bed to water tube is maximum when the ratic of
particle diameter to tube diameter is: Dp /Dt = 0.15
Correspordingly, two water tube diameters were considered:

inch and 5/18

For the

internal 4

are: 2/8 inch and 3/13 inc
The resul<s are given i
The Nusseslt Number,Nu,

pressure and temperature conditions

which det=2rmines

inzh C.D.

considered, the requ

h respectively.
n Tabl= la

th= reat transfer

ired

iamet=rs of the tubtes,for commcnly available alloy steels

coefficiznt,he,rom the catalyst to the flowing gas i3 defined as:
Na = he.De/KE

Merer dimensicnlass pumbers and Jimensional pzrameters involved in
expreszing the heat transfer cc2ffiziesnt,ns’ , frem the ted o the
axtzrnzl szurfa:e <of the water *ulkes ar=
€ = void fraction in the bed. A representative value oy fixed eds s
€ = .2
Yf£/:7p. Mf) . where Cp is the rzal capacity of the flowing Zas A
reprezentative value 13 Cp o 3/ average mol weigat L f zas),cr,in cur
case; Cp oz G[(7 77 + 12 78 /27 = 0. 874 BTU/#."F lornzoguently
FEf/iCo.Pf) = 0.0829 / (0.37€ x 2.218) = 2.0446 z3.£%t,n
Tp/C3 .where 3 13 the heat capacity of the catalyst pzrticles A
representative value is Cz = 0.2 BTI/#4 . °F.Consszusntly Cp/Cs = 1.00C



~ L - ey €3
» iz *the specific

ravity of the catalyst particles.

g
A reprasentative value is 200 #/CF

4. 4-TALCULATION CF HEAT TRANSFER COEFFICIENT FRCM CATALYET TC GAS:
Zenz and Cthmer,Ref . 37,1360 have complilled wvaricus experimen<ta. d-at
for particle to fluid heat transfer in the form of a set of curves
correlating the Nusselt Mumber versus the Reynolds Number, for vari-u:
vaiues ¢f the void fraction €(see Fig.13).
For € = 0.35,the range of Nusselt numbers correspornding to the
v detz=rmined range -f Reynolds Numbers {from Re = 565 for

S = 2.5 sq.ft to Re = 1950 for 3 = 1.5 =q.fuv) is:

- Nu = from 120 to 22C for these two cas=23,resp=actively.The
- from e = 3,138 BTU0/h.=3.7t.°F for 5 = 2.5 z2.ft o he = 3,251

The t zal external sirface ar=za of the catalyst particles in =ach

section f the Methanator is =xpressed by:

Tie totzl bed vclume,given in 4.1 above i1s 270 CF.Cors=guently the
tatalyzt szurface in eacn se2ticn i=z: 130,375 zq.f- / 4 sect.=z 45,274
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ct
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Dertweran the catalyst and the gas phase Fecalzse the total hezt to be

4 g - = - . M ~ g I 3 S S, o, PR & . 3 - - 1 £ - IADMTY
~ransferrad 1 pre-heating the Lyngas feed 13 only 25,7 MMETH,h
Sar ihe entire reactor,opr A04I5 MMETT)YN per zection, it is oloar that

all of this heat can ne tranzferred from the catalyst,but mozt £ 1t
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w



[N

will in fact be transferred from the reactor shell and f=ed gas
tubing, leaving most of the reaction heat to be transferred to the
water tubes.This will b= analyzed in Tasks No.4 and No.G&.

4 .5-HEAT TRANSFER FROM THE CATALYTICT TED TO THE WATER TUBES 7OF

r

VERTICAL 3AS FLOW:

Zenz and Othmer,ipn Ref 37,1860 also provide a correlaticon for
bed to the water tubes immersed 1in it.
correlation,developed by L=ava et al.{(1952),is expressed as:

2.7

0.

he' = 1.72 (X£/Dt) x [Re]
TAELE 1la

H 3 Dp Dt ke Kf he' (BTO/h sg. ft °F
530 2.5 0.004 0.026 585 n.09283 531
2720 2.5 0.004 0.526 5685 0.0365 5389
20 2.5 c.co8 0.46852 1176 2.0923 4372
930 2.8 N, %1% 0.082 1135 0.096E 433
£873 1.5 1.004 0,006 Q75 2.0928 TED
300 1.5 5.004  2.026 942 0.0965 771
530 1.5 1.008 0 2 UnR2 13%d nL0NG23 =17
goo 1B 2,002 0.75EZ2 1884 2.0965 629
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C
th

part of Task No.5,which will analyze the water tube system as that

a boiler,and determine additional design parameters.

4.6-GAS PRESSTURE DROP IN EACH SECTION FOR VERTICAL FLOW:

The correlation of Rose and Rizk,also given in Ref.37,3ives th

w0

a

friction factor f = (g.Dp.AP) / (L.rf.vz) as a' function of th

1]

Reynolds Number for € = 0.4 and provides a correction factor for other
values of €(z=2e Fig.1l4 and 15).Wall effects may also be taksn into

account. For the values of Re = EE5 tc¢ 1950 previously considered, ths
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and 18,with a correction factor of 1.5

for € = 0.35.The corresponding pressure drops in =ach section are:
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a,corresponding to a
100 psi pressure drop is a little tco low for these extreme

conditions.This could be remedied by either increasing the hed inlet

A szimpler option 1s to ~2onsider the intermediats 2a:2 for cravser
pzrticles and larger tubes
Ee - 1170 +o 1130 for Ty = 0 208 ¥+ 3nd 3 = 2.5 =sq. £+
The fri:ction c2tor iz ther § o0z 13 x 1% and AP = 25 psi,well within
thne zzsumed 1930 psi o fvecsszare drop in =zoh of the four zecticns
This, howsevar, reduces the heat transfer coneffizient he' from 720 o 438



tubes of 578 inch CD is: 29 tubes.
A more detailed analysis of this case will be presented as zart of

Task 5.

4 7-HEAT TRANSFER FROM CATALYST TO GAS IN RADIAL FLOW:
For radial flow,a coarse particle size may be preferable A valu= 3f

Dp = 0.008 ft 13 assumed.

Ui

The average superficial velocity,corresponding to the avera Za

ge
composition,with an average shrinkage of (1 + 0.5644) x 0.5 = 0.782

rd

is Q/5 for a flo

b))
a]
V)

te at 2,575 psia,680 F in each section of:@ =

100 MMSCFEF/T: « 0.7322 = {1,140 R/482 R) x (14.7 psia/2575 psia) x 1/4 =

3

0.258 MMACF,/D = 2.3 ACF/s.
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(10.-5)3, £+ 5 = 13

The Niassel+t Mimber represzenting the heat transfer from catalyst <o
gz5 i3 now: Nu = 13

The heat transfer cco=fficisnt is

e = 13 x 0.0929 BTU/h. £+ 7% 7/ . 008 £¢ = 101 BTO/hh.oz3.£1.7F, but

370 CF o« 1 - 0TES LA w Dp/6) = AR, 024 =3, ft, per z=ction

The heat tranzsfzsrred from catalyss to gaz in 2ach section i3 then:
45,784 =g . ft x 157 ETD/ M. sc.ft.°F =z 8.8 MMETI/n.°F,which L= 1205 %
:f the Syngasz zreheating lozad 1f the temperature gradiesnt between



catalyst and gas is only cone degree F.Accordingly,meszt of the catalyst

heat will again be transferred ts the water tubes.

4 S-HEAT TRANSFER FRCM THE CATALYST BED TO THE WATER TUBES WITH EADIAL

Leva’'s correlation,obtained for a range of 250 ¢ Re < 3,J030,1is

s
S

Cr
Ct

applicable in this case,but the experiments of Plantz,Felix and
Yagi,extending down to a Reynolds number of 20,provide a wvalid
correlation,also given in Ref.37.

For a Reynolds Number of 139,and a ratio Dp/Dt = 0.154 (5/8 inch 0D

Hh

tabes),the transfer of heat from the bed to the water tubes is read

directly from this correlation.

-]

he teat transfer coefficient he’,is:

he’

24 BTU,/h.sq.ft.°F
For the same heat load (30.2 MMBTU/h/sectica) and the same assumed
LMTD (2CC°F),the required surface area of the tubes is now:

30.8 MMBTU/h / (24 BTU/h.sq.ft.°F x 2°

[

0 °F) = 6,375 sq.ft/secticn.

The reguired surface area is nearly 22 times that requir=d for
vertizal gas Jlow reactors,making it unlik=a2ly that water tuzes zan
=mill te 1z=d Zor zZooling the bed in radial flow

Tne 2ress section area of an annul=ar bed of dizmetesrs 12 and C4
incres {6 inch bed of average dizmeter 18 inches) 1s Z.ZE8 =g.ft
zrd the *cocral height of <hae bed 13:370 7TF / 2.3585 z3q.ft = 157 £+
Tander - Tresent zszumpticon of 4 zectians,cach zoction Wwill e 40 £+
211 z2rd 2azh heliczl watzr ture nzy he 100 f+ Ting . With azn external
surfacs 57 0.1434 s53.f8+/'ft,“he rejuired surfzcs may be provided by 230
tukes of B/8 in. C.D.,which 13 excessive.The tubte volume repressnts
Q



as pressure drcop,it may be possible to reduce

oy

Ir view of the low
+he rumber of sections from 4 to 3 ,thus reducing the complexity of

+he Methanator assembly.Contrary to the case of vertical gas flow

[a
()
f»
)
ct
(@]
2

s,this does rict change the Reynolds number,nor the heat
transfer coafficient,nor the pressure drop.The tube surface
required in each of the three 53 ft-tall sections would, however,
Q

increase to 2,507 sq.ft,again occupying 47 % of the total bed volume.

The number of 5/8 inch 0.D. water tubes remains the same.Ancther

water 2o0oling process,by direct flashing of water into the hot flowing

gas phase would be preferable to reduce the reactor volume.

4.3-PRESSURE DROF IN REACTORS WITH RADIAL FLOW:
The same correlaticon,from Rose and Rizk,gives a friction factor

which,for the value of the Reynolds Number of Re 19,1is egual to:

f - 90 x 1.5 = 135
The corresponding pressure drop,for a typical bed thickness of 6"
and 40% void fraction is:

P =~ 135 x 0.5 ft x 2.215 #/CF x (0.016 ft/s)® /(32.2 ft/3.s5 x

0.208 f+ x 144 s5.in/sq.ft) = 0.002 psi .The inlst pressure is
practically the same as the discharge pressure of 2,575 psia.The

azsumption of a flowing gas phase at 2,575 psia in the calculation

L

/)

of the volume flow rate is therefcre justifi=d.

anilyvz=is zhuws that it is feasible +to guizkly bring the feed gas to
veaction temperature by heat traznsfer from the catalys=t particles
2)-Mcst of the heat <f reacticn will be transferred to the cooling



water.
3)-With a reactor in vertical gas flow consisting of 4 sections
connected in parallel,the gas pressure drop in =ach 37 ft szection

is less than 100 psi,if the bed cross section is 2.5 sg.ft and the

6]

catalyst particle size is 0.008 ft.

4)-Ir such a vertical flow reactor,the entire heat lcad reguirsd to
vaporize the cooling water may be transferred to 2 relatively small
number of 5/8 inch 0.D. water tutes,occupying a small fracticn of the
reactor volume.

5)-With a reactor in radial gas flow,the gas pressure drop 1is

neg

’__J
pete
0y

ible,which may lead toc a reductiocn in the number of parallel

sections to three instead of four,thus reducing the complexity of

£)-Becaus:z of the much lower heat transfer ccefficizent in the radial

gas flow reactor,the number of 5/8 inch O0.D. tubes required to

O

transfer the full heat load to the cooling wat=sr becomes &xcessive,
since they occupy a large fraction (47 %) of the total bed volume.
7)-Additional design parameters will be determined from an analysis of

the water tube system as a boiler.

DUCTICHN RATE UNDER VARICUSZ

5.1 .-EFYECT OF QIL FRCDUCTIZN EATE ON
A rough estimate of “he production rate to be expected from a
horizontal well =xtending 2,000 to 3,000 ©t inte one f the Wast Gak

sands of thickness exceeding 25 ft 1s necessary to proceed with %he

_15_



conceptual desigp 2f the Downhole Methanator.This is required for <he
following reasons:

1) in the cases where *+the injected effiuent is discharged at the
becttom of the Methanator assembly,the production Tubing cccupiss *the
cantral part of the assembly,thus limiting the spacs availabkle for tn=

reactor proper.

2) the fluids produced from the well,after a perind <of injection with

T

steam and hot gases,are vary hot.In their flow tc the surface they

\

exchange socme of their heat with the Syngas feed and cooling water
streams, thus determining the temperatures of these streams at their
entry into the reactor.

2) the ¢il producticn rate is an essential part of the economic

Q
<
0
P_J
e
f
t
[y
Q
]

: of the entire process,because the resulting cash flow is

process

X . -
“ha inlzeted Methane i3 C,4040
~ il Ealsshel : r oYy - ~ —- ~ -~ ~ ~ ~
SCE/ET5. The correspornding CGLR is then: 2,430 / 2 = 223 Z7F/B.With
. . . A X e e - s

prop=r tubing szize,thils agppears toc be zufficient <o 1ift the Tiguid
- - 3 - =
str=am to the surface.

Tri= productivity f a2 “orizonizl well is largsly Z2zpendert uzpor. “h=
camter of frz:-iyres Interzocted by tre well . In the zbseonce of
£ a2 ~t Py 1o Dy m e Ly 0 + 3 -~ o~ o -+ 1 ey, = ey o exs =3
TracTaires | 17 12rsas32c Wwiltn Tnhne WOrlzontas reaicrn oI The Wel . Z2NG Wit

. , . .

“he ratic of vertical to wirizontal permeabilitiss No Inform=tion is
P I T P SR S e - - 1 =T - + o T
zvailatlzs on 2ither subljizstt 2and oo horicosontal wsell nzs yeit hesan




drilled in the W=st BSak reservoir.In the event that a single producer
of maximum reach is insufficient, several horizontal drainheclzs
connected together may be used instead.High pressure stzam is often
used to create fractures or to open existing ones.The known presence
of many fractures and faults in the underlying Kuparuk reszervoir makes
it very likely that horizontal wells in the West Sak would be capable
of producing low viscosity fluids (hot hydrogenated oil and water) =t
high rates.The cost of additional horizontal drainholes is relatively
low,compared to that of the large-diameter vertical hcle,casing,
Methanator and vertical tubings.Consequently,the uncertainty regarding
the productivity index of each horizontal drainhole is not of major
consequence for the economic viability of the process in the West 3Sak.
A complete reservoir engineering analysis,which 1s beyond
the =cope of this contract and which would regquire more specific data
on the area of the West Sak fi=ld subjected t: a pilot test of this

novel process,would be required to arrive at 2 better estimate of the

5. 4-HEAT RECOVERED FRECOM THE FRODUCTION STREAM:

mperature of this oil/water/gas mixture flowing from the

of il 2rnd watsr whi-~h could be transferred to the Jyngas feed by
~onvactive heat e2xchange,in counter-current,1s about:
Vot =y ™ { - ) A
Fata M= Co (T2 Tao) AH AR



(B/D)y (#/B) (BTU/#.F) (F) (MMBTU/D) (MMBTU,/h)

Cil >= 7,647 270 0.50 180 186 7.7
Water = 13,353 286 1.12 180 770 32.1
total >= 21,000 total: 29.8

The enthalpy of the prcduced gas volume (0.8 x 21.8 MMESCF/D) has bteen
omitted because most of it is ultimately spent in isentropic
expansion,to produce the work of lifting the liquids to the surface.
This additional hea*,recovered from the heated reservoir,is used to
pre-heat the Syngas feed and cooling water.It is essential that the
Permafrost be protectad from this important heat source,and there is
no better way than by capturing the heat,by counter-current exchange
with the fluids sent to the downhole Methanator.

The feasibility of transferring this amount of heat (39.8 MMBTU/h)
through the tubing walls can be verified quickly:
Typical tubing diameter for the production tubing is 9.5/8 in.for a
3,000 ft depth.The over-zll heat transfer coefficisnt is about £0

1 8q.ft.F.Correspcndingly,the LMTD regquired for this heat exchange

39.8 MMETU/h , (8¢ BTU/h sq.ft.F x m x(9.625"/12",/ft) = 3,000 ft] =

£5.2 F.In reality ,due to the large temperature differsnces
betwsen the various streams,the LMTD will be larger than that

e
L

required.This shows that the councentric well tutings constitute a very

Y
o

good heat =xchangar systzm for the reccovery of this he=at,r

p 9 S}

T

presentin

oy

23% of the previcusly injected heat.

E.E-HEAT BALANCE IN TEHEE METEANATOR:

The recovery of this heat,otherwise wasted,is
J
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620 F.the equilibrium temperature of steam in the injected =£fluent,is

1,153 2T /# ,higher than that of the steam flashed from th

(4]
[
ct
1
o
3

separators.This means that some <f the steam is condens=2d daring the

flash.The droplets of condensed steam may, however, re-evaporate if

(4]

additicnal heat is available to offset the deficit (73 BTU/8 «
ccoling water rate #/h >z 5.2 MMBTU/h).Two sourc=s of heat are
pr=sent:

1) the =2ffluent frocm the beds 13 at a temperatuare T higher than 6575 &
it will give off the corresponding sensilble heat.Assuming that T =«
200 F,this =sersible heat is =< 13.8 MMBTU,/h ,which i3 more than enough
to re-vaporize the flash condensate in the reactor «ffluent.

of the bed iz 2lso 2t a —emperature T higher than 675 F and

ers n=at to tha effl_ent flowing =gainst it in the collector

L™ L S O T T s LaninaFan L N T T\““'\ TNy .
= CONFICGURATICON ANT DIMENCIONS:

cperation,it is necessary to avoid the Departure from Nuoleate Bolling
(DNE; regime,wnich.zt high preszurse,may soour at ¢=latively low 3teanm
quali<ty values. This unstabtle regime,corrssponding to the phenomenon <of

temperature, relative to that

Wilecox,1972).The sa
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psia and for heat flux of 40,000 BTU/h.sq.ft of internal surface, the
maximum steam quality obtainable safely is only about 33% (see Fig

17).This calls for recycling 67% of the water and increases arly

jo’l
O

threefold the water flow rate through the tube system.
The total cooling water rate being 149,300 #/h,the total water
rate through the tube system would be,for 3 passes:
3 x 143,300 = 447,300 #/h.(The minimum value for safe operations
would be:149,300 / 0.33 = 452,424 #/h,consequently this includes a 1%
margin of safety).
Ref.39 also provides the limit between safe and unsafe
operation as a function »f the water tube specific heat flux,in
BTU/h.sq.ft of inner surface,at an even higher pressure of 2,700 psia.
Thase data were used in a proprizstary boiler design program to
determin=s the number of *ubes raquired in each bundle to bring the
water mixture (PFW and recycle) tc the vaporization temperature of 870
F and %o vaporize it under nucleate boiling ccnditions.It is essential

+0 € iminate the risk of getting into th

[te

unstable regime of film

boiling in order %o prevent tube burn-cuz.
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in the urpper part of the tube and 2f 2 water pre-heat convective
transfer load,in the bottom part,which must be analyzed separatel
Tt also shows the interdependence ¢f the heat transfer from bed to

sut=r *ube surface with tlat from inner tube surface Lo water in
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metal tube wall was us=d for this purpose.

5.2-HEAT TRANSFER BY CONVECTION IN THE PRE-HEAT PORTION OF
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THE TUBE BUNDLES:

Heat transfer,by convection,to water flowing through the water
tubes is determined by the Reynolds Number for the tubs=:
V.Dti.[{w/uw ,where:

- V 1s the water velocity in *the tube (ft/s)

- Dti is the tube internal diameter,first assumed to be 3/9% th of

sy
o)

inch, »r 0.231 ft

- rw is the specific gravity of the flowing water (#/CF)
- puw is the viscosity of water in the tube(#/ft.s).

It alsz depends upon the Prandtl Number,Cw.uw,/Kw,where:
- Cw is the specific hea* of water(BTU/#.°F),

- Xw is +he thermal conductivity of water (BTU/h.ft.°F)
For the assumed average conditicns in the tube: 600 °F, 3,000 psia, these
parameters have the following values:

fw = 42.4 #/CF

uw = 0.053 x (10.-3)#/ft.s

Kw = 0.292 BTU/h.ft.°F

The ~ccrresponding Frandtl Number is:

zsumin a ute bundles are connect=d in p 1121, the
Az that the t bundl=s all ected in parall th

wat=r flow in each bundle 1s:447,330 #/h / (3600 s/l x 8 units) -

[
92}
e
wn
1w

#/5 per unit,and the volumetric water flow rate is:
15.88 &/ / 42,4 &/CF = 0.3€7 CF/3 per unit bhundle.
For comparison,it is assumed that the number of tubes in each
burndle i3 120C,for a maximum heat flux <f 40,000 ETU/h.sg3.ft,
V = 0.387 CF/s / [100 x 0.00076 sq.ft] = 4.8 ft/s

..22—



The Reynolis Number can then be calculated,for water at 675 F.
W.M.Mc Adams,in Ref.34,1964 provides a correlation:
C.33 0.8
he” = 0.023 x ( Kw /Dti)x Pr x Re
from which the convective heat transfer cozfficient can be calculatzd
(in BTU/h.sq.ft°F) from the inner tube surface to the wat=ar stream.
The over-all heat transfer coefficient U,from bed to water is:
1/U = 1/he’ + (So/3i)*(1/hc”) + Rm + Rfoc + (So/5i)*Rfi
where So and Si are respectively the outer and inner surfaces of the
tubes and Rm,Rfo and Rfi are respectively the thermal resistances of

the metal tube and its fouling resistances outside and inside.

LI

So/51 0.1634 / 0.098 = 1.8667

Rfo = 0.001

il

Rfi 3.001
Em = 0.0006

he’ = 438 BTU/h sq.ft F for T = 300 F (see section 4.5 above)

6.3- HEAT TRANSFER BY NUCLEATE BOILING IN THE UPFER PART OF THE TUEE

tion (Ref.41) is used for the part of the tube in the

a

Thom’ 3 corre.

ja}
o

forc=3d cleat

14

hoiling regime.

§

Tt relates the heat rate per unit ar=a <f the irner tube surfacs

+3 the =quare of the difference b

M
1t

twsen tne inner surfacze temperature

and <h= boiling temperature.



(BTU/h) from bed to tube in each unit

31 = heat flux (BTU/h sq.ft of inner surface) in vaporizing regime
Lv = % length of tube in vapcrizing regime
Le = % length of tube in convection regime = 100% - Lv
Ktm = thermal conductivity of tube wall metal
Rfo = fouling resistance cutside = 0.001 for gas
Rfi = fouling resistance inside = 0.0005 for steam
= 0.001 for water
a - maximum steam gquality
Tw = temperature >f water (recycled + cooling water)at tube inlet
Tow = cooling water temperature
U = cver-all heat “ransfer coefficient in convection regime
heb = boiling heat transfer coefficient,derived from Thom’s
sorrelation for fully developed nucleate boiling (Ref.41,Applied heat
transfer V.Ganapathy,1382).
Q2 = heat rate(BTU/h) in convection regime
q2 = heat flux in convection regime (BTU/h sq.ft of inner surface)
Assumptions
3 units in parallel ’
tuke characteristics Dto = 0.052 ft
Dti = C.031 ft
length = 75 £t / 2 = 37.5 £t in =ach unit
S0 = 0.1634 sq.ft/ft temperature = To
Si = 0.098 sq.ft/ft temperature = Ti
Metal:Croloy 2.1/4 % Cr,1% Mo
Hzat transfer from bed to tube cuter surface (sse 4.5 above):
T (F) he' (BTU/h sq.ft.F)

_.24...



680 432
300 438
Average value of he’ = 435 BTU/h sq.ft.F
The program solves the simultansous =quations expressing:
1) The heat rate from the bed into the part of the unit bundle in=
vaporizing regime,
2)Heat conduction through tube wall in vaporizing part of unit,
3)Nucleate Boiling heat transfer inside tube in vapeorizing part,
4)Thom’'s correlation for forced convective boiling in the upper
part of the tube,
5)The inlet temperature of the mixture of BFW and recycled water.
B6)As shown on Fig.17, « is directly related to Ql,since the/pressure
(2,625 psia) is fixed.
The bed temperature T,Lv and the nuamber of tubes n

may be considered as the main design parameters.

[¢]]

6.5-JUSTIFICATION OF THE TURBE DIMENSIONS AND ALLOY CCMFOSITION:
The maximum allcwable design stress for Crolocy 2 1/4 is

ASME specification SA 213,722,in =xcess of 13,100 psil at a temperaturs

~f 300 F (130 F above the maximum operating tempsratur< of the bed, to
allow for the risk of hot spots in the catalytic bed).

The stress resulting from the maximum interral pressure in the
tube: 2,625 psia,for the dimensicns considered (5/3 " GD,3/8 7 ID)
is: (2,F25 psia x 5/% ";/02 x (1/8 ") = 6,562 psi,or about 50% of the
allowuble stress,thus providing a twoe 1 cone safsety margin.The
temperature at which this maximum stress,corresponding to zero Syngas

pressure and 2,625 psia steam pressure,would exce=d the allowable



a hot spot in the catalytic bed, 230 F above the upper design operating
temperature.A less conservative design may be preferred provided that
the tests with commercially available catalysts scheduled in Phase 2

show that it is possible to safely reduce the tube wall thickness.

6.6-EFFECT OF A REDUCTION OF THE TUBING WALL THICKNESS:

If the risk of hot spots developing in the catalytic bed is shown
to be minimal,the tube wall thickness may be 1/16 inch,instead of 1/8
inch.This will make: Dti = 0.042 ft instead of 0.031 ft

Si

3l

0.1313 sq.ft/ft instead of 0.0898 sq.ft/ft
Tube inner section = 0.00138 sq.ft instead of 0.00076 sq.ft

he’® remains unchanged,but the numerical equations are changed.
The soluticn shows that a 15 % reduction of the number of tubes 1is
possible by the use of 1/18" thick tubes. The adoption of
this tube ID,coupled with the use of an alloy providing a higher
allowable stress at high temperature are fully Jjustified.

Such alloys are available,for instance Croloy 321 H,for which the

allowable design stress at 1,050 F is still 10,100 psi,thus providing

il

safe operation at this high temperature,even if the differential
pressiure betwesn steam and Syngas reaches a value of 2,020 psi.
This is an unlikely occurrence,with suitable contrcls and check

valves on the Syngas compressor at the surface.

The bed volume fractisn occupi=d by water tubes is »only 12.3 % of
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ibes volume,the height of
2ach bed section is incr-ased to 42 ft.When the heights of the
connectors between units and between sections and those of the valve
et | are added the over-all
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greater than 600 CF.The weight of the reactor assembly and that of the
outer tubing,for the West Sak depth,however,remain well within the
capacity of the draw-works available on the heavy drilling rigs

presently in use on the North Slope of Alaska.

6.7-CONCLUSIONS OF TASK No.b5:
1) The water tubes system is essentially a high-pressure boiler
in which each tube is operating successively in two different regimes
over two adjacent portions of its total length (37.5 ft):

A) a forced convection regime to
pre-heat the water up to the boiling temperature of 675 F,and

B) a fully developed nucleate boiling
regime to vaporize the water into a low quality steam/water mixture.
2) The steam quality is limited by the need to prevent tube burn-out
in the vaporizing regime.It decreases with increasing heat flux in

that portion of the tube and with increasing boiling pressure (here:
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A) maximize the steam quality « by

operating the vaporizing part of the tube system at a relatively low

B) pre-heat the <conling water grior t
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its entry into the tubes system.This cshows the interdepen betw
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the design of the tubes sys==m and the heat exchang<s .—haracteristics
b
] With 8 urit bundles in parallel and a relatively small number <f
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surveillance and maintenance of production from egch drainhole over
the field’s life.

The minimum number of downhole valves is 2,but,for added flexibilty
in the well operation,it may ultimately reach 10,1if 8 drainholes are
to be operated independently of each other in three modes:injection,
steam soak and production.Each valve is hung and locked into a
suitable nipple from which it can also be retrived and brought tc the
surface by conventional wireline techniques.Some of the nipples may
also include a sliding sleeve.Typical downhole valve configurations
are shown on Fig.18.

The mcovable part of =sach valve (ball,flapper or sliding sleeve)
provides metal/metal seals against elements of the valve body,so that
only one type of stream (produced fluids or reactor effluent) can flow

through at zny time,while the other stream is =zhut-off.The

7.1-SEQUENCE OF OFERATIONS FCOR DRILLING AND COMFLE

'.3
I~
O
Z,
O
5
3
i
b=

DRAINHOLES AND FOR THEIR CONNECTION TO THE VALVE SECTIZN

After drilling the large~diameter vertical hole,*he interval over
which the multiple drainholes will be kicked-off is underresamed

tc provide space for all the drainhole liner stubs in their =xtended
position.The 24.5 in. casing string is then made-up and run-in.

It Includes a special jecint 300 ft above the shoe, incorporating the
reactor hanger and a joint equipped with telescopic liner =tubs

o <

through which the respective drainholes will be kicked-off,

i

(o9

-
) —d
O
[
(YY)
3

[

completed.Each stub is closed by a drillable plug and can slid

)]
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ot
e

through an elliptical window machined intc the casing at the kick--ff

angle.Drillable aluminum gulldes within thne

5

maolani zal support to each ztub in its retracted position,while the
masing is run into the hole,and during its telecopic extension.

With the casing hung at th

o

surface,a work string is run-in and
stabbad into the casing shoe to proceed with the stab-in cementing
operation.When the cement slurry has been displaced behind the casing
using conventional procedures,the mud pressure in the annulus betwsen
the work string and the casing is increased,so as to drive the

telescopi

(@]

stubs into the slurry.The tail end of each stub is designed

to provide a metal/metal =eal between the stub and the casing window.

i

After the cement has set and the work string has been pulled out, the
aluminum stub guides are drilled out and any nrotrusion into the
casing 1s remcved.The drainhele drilling s-~~irng,ir.luvding its downhole

motac

a1

v

,bent sub and guiding system is run-in and inserted into one of
the =xtended and cemented liner stubs,to preoce=d with drilling the

stub plug,cement and formation at the kick-of
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huild-up the angle until the horizscental part »f the drainhole 1s

+ail =2nd is cemented using cement-inflated =2xternal packers.The ond

5f the liner is rcornec-ted to the =xiended end of the stab by means of

a hang— : '» e T withiin the temoented b and terminated by
S U LN TR TR LS L NI S Coae o pnavalent famale metal o2l
When all the pianned Arsinh e besy il bed o inplete o
st e emented stubs may remain LLoieeee Cen i 2 and
comyleticn of addibional ‘rainncoiez Lz vy g s L0 mierE



The drilling mud is displaced by water from each completed drainhole
and from the vertical casing,which is thoroughly cleaned of any mud
solids.

The reactor assembly is then made-up, leak tested and run-in the
water-filled casing.The reactor is threaded through its hanger and the
metal/metal seal is lesak tested.Each of the 8 units composing the
reactor was factory assembled, loaded with activated catalyst,filled
with pressurized inert gas,leak tested and sealed prior to being sent
to the rig.The integrity of the seals between adjacent units is also
checked during make-up on the rig floor,prior to run-in.All flow
conne~tions between the reactor head and the valve section are

protected from water entry from the well by spring-loaded check

)

valves.

N

With the reactor assembly hung into the well,the oriented valve

section is run-in with the water tubing and stabbed into the reactor
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strapped to the cutside of that

+ubing are used to hydraulically thrust into each PBR (or eguivalent)

21 cornecticsn with the liner of each completed drairnhole.

ynZas ~ubing i3 then made-up and run-in.

2

=nrulus between water and Syngas tubings with inert gas pricr to

cenrecting the Syngas tubing to the upper cross-over connector of the

run-ir. znd connects=d to the Ipper crogss-over connecior
Thermal expanzion joints and ~+ther commcn features of thermal well
completion and thermal well head are included,but are not specified in

detail .Reactor start-up and emergency shut-down procedures have also

..31..
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AFPFENDIX 3:PRELIMINARY RESERVOIR ENGINEERING

5.WEST SAK OIL PEASE BEEHAVIOR

The Fressure, Temperature phase envelope predicted by the Equatién
of State method (E03) for the recombined West Sak crude studied by
A.K.Sharma et =2..(1989)is reproduced on Fig.12,taken from Ref. 4.1t
shows that,at the injection temperacure of 620 F,the bubble point of
West Sak oil is about 2,500 psia.It also shows that,at that
pressure,two-phase mixtures exist between 620 F and about 250 F.This
indicates that injected Methane will dissolve preferentially in the
colder region,ahsad of the condensing steam front.In the part of the
reservolr at a temperaturs exceeding 250 F,the injected Methane will

provide full pressure support,as a gas phas=.

5.2-ELEMENTS OF A FORECAZT OF WELL PRODUCTION:
An accurate forecast of the well producticn rate and fluid
composition could only be obtained by using a numerical simulator.

In such simulators,the reservoir around the horizontal well is 2ivided
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in-flow and out-flow of the various phases,under the prevailing
pressure gradients for each block and each time step in order to
determine the total flow of =ach phase into the well as a function of

time.Among the many steam injection simulators available,the MULKOM

lll
o
[y
’—l

numerical simulator,developed ander D.O.E. funding by K.Pru
(1383) at the Lawrence Berkelay Laboratory {(Ref.39)appears to be most
suitable because it is also capable of considering the changes in
composition and transport properties of the oil and gas phases
resulting from "in situ"hydrogenation and steam distillation of oil
within the reservoir.

The present budget precludes the use of any such simulator.
The simple apprcach taken here consists in considering the over-all
material balance of injected and produced fluids and in making
assumpticns based on results of conventional steam injection
processes.To the extent possible,the validity of these assumpt;ons is
verified against experience in other fields than the West Sak.

Ultima*tely, some numerical simulation will be reguired for
confirmation of the rough estimates obtained below.
£.21 -RIZK OF PERMEABILITY REDUCTION:

A major uncertainty regarding the production rate is the
possibility that fresh water from ccndensed steam may cause the

N

clay minerals in the reservoir rock to swell,thereby drastically

b

reducing the rock permeability in the steam-injected zcone.The only
publicshed results on West Sak o0il reccvery from experimental steam

injection runs in the laboratory,given in Ref.9.,were obtained with

of clays was reported in some of the descriptions of the West 3ak



raservoir rock.There is no published information regarding the ar=al

rvoir and it is ot

(g

distribution of such swelling clays within the res

t

purt
1d
4
W]
}-—l
'—J
<

p-ssible at this time to assess the importance of this po

serious problem.Dilution of the connate water by condensed steam may

(@]

reduce the icnic strength of the sclution in direct contact with the
clay minerals to zuch an =xtent that the negative charges o5f the clay

lattice must now be balanced largely by H+ icns resulting frcm the

e
Q

snization of water.Becausze of their larger hydration number,H+ icns

srry intc the bound water rha adjacent to the clay mineral,much

i
m

o)

Py

more water than tlie original ccunter-ions {Na+,Ca++).This water causes
the clay to swell,an =ffect which can only be prevented by replacing

the H+ ions with caticons exhibiting a lower hydration number.

Fortunatel: ,the present process offers a remedial action against
~lay swelling.This ~an be prevented by adding to the Syngas feed or

to the =coling water feed 2 =mall percentage »f Ammonia gas,NH3,which
will be injected into the reservoir,together with the steam,CH4, HZ

mixture,increasing the Ph and the ionic strength of the steam

condensate
The hydraticon number of NH4+ ions is lzss than one tihird o»f that of H-
icns. Tonsequen®ly, they carry much l2:zs water with them than do H+
ions

Ir the non mobile water phrase,also callsd "bound wztzr ' of the
~lay, the collapse of the electrical Jdouble layer adjzoent to the clay
platel=ts by NH4+ icns will pravent <lzy swelling,thus =2liminating the
rizk of nlocking the f1low zaths within the reservolr pore space

Ta the mobile water phase however,the addition of MH4+ lons to tle
nixture of nnate water and condensed steam results in thie formation

of NH4 Cl,a highly soluble salt.
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0.5 » 0.2 x21.8 MMBCF/D x (14.7 psia / 2,300 psia) x (90 R / 432 R) =
7,675 CF/D or 1,367 3B/D.

Additicnal drive mechanisms,at constant reservoir pressure,incluae:
-swelling of oil by the rest of unrecovered Methane injected in th=

colder part of the reservoir,with an =2stimated incremental volume of

[g%]

1

(0]

MMSCF /D,

-thermal expansicn of fluids in the heated zone,

-gravity drainage of oil from the steam injected zone.

In addition,with a pressure draw-dcwn applied from the well, three
more drive mechanisms come into play:

-injected steam (15,370 B/D/w=ll) and gases provide another source of
pressure support,as shown in Ref.38 (P.J.Briggs et al.,1988),

-edge water influx from the large Cretaceous aguifer,

ak reservoir rock.
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The effect of 0il swelling by unrecovered M=thane in the colder
zone can be evaluated quantitatively from the apparent density of
natural gas dissolved in crude oils (Ref.33,D.L.Katz et al.1959)
For a 20 APT corude at 2,300 psia and an average temperature cf
17% F,-he apparent density of Methane dissclved in the colder
reservair crude is: 20.5 #,/CF.The incrementzal volume due to that

~ A -
: ; =z

effect 13:2.18 MMSCEF/D x 18 #/#.mol /(380 ZCE/# . mol x

{
O
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¢

4,175 TF/D or 738 B/D.
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75 F).The incr=amental volume

~

over the original reservoir temperature
sf the heated zone is: 4,128 MMBTU/D / (Cr x 272.5 F) ,where Jr 13 the
cpecific heat per cubic focot of fluid-saturated reservoir. A typical

vaiue of Cr is 22 STU/CF.The incremental volume per day of the heatad

04,354 CF/D.With 320% porosity,*the fluid volume is:151.436 CF. D
The thermal expansion »f the 0il and water iz abcut 19% or 15,148 CF, D

or 2,€38 B/D.
Adding up these three volumes to that of the injected steam gives a
minimum value of the daily total fluid procduction:
15,372 B/D + 2,893 B/D + 798 B/D + 1,367 E/D = 20,233 3/D., rounded to
29,000 B/D. '

Sravity dralizage,preczsure support from steam and gases,water influx
ir compacticn 2ffects 2annot be predicted withcout
more zpecifi: information about the reservoir.

f these various increments would be 2,900
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o 4,300 B/D,vringing the total fluid producticn to the range of
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5.4-FORECAST ©F OIL EATE FROM THE FLOW POTENTIAL OF A PRAINHOLE:

The production % horizontal 4rainholes,Qoh,was compared to that «

4

f
l2,Q0v, drilled in +the zame formaticon by S.Joshi (Ref.14).
<y the rezerveir layer characteristics considered here,Qoh »>= § Qov
Gov T 708 x K ox Kroe x h o x (P2-Pwf) / BRo x uo (Ln re/rw - 0.75)

We -~=sume the followirg valuesz in the drazinage area of the drainhole:
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re z 1, 500 £t

rv = C.229 ft
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drainholes during Phase I ("huff and puff” mode).lonversely

displacement rate calculataed is 7,827 STB/D (rounded to &,000 R,/D).
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continued as o st=amflcod,displacing 2il towards newly drilled
producticon drainholes,parallel to the injection drainholes and with
3,000 £+.The original injection wells are
he arrang=d on a square grid and all the new producer wells
xpectaed o be drilled at year 16.The steamflood sweep efficiency

was =2stimated at 40 %.Und:zr thoze condis
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Contract DE-FG 01-89 CE 15446

APPENDIX 4

PRODUCTION ENGINEERING OF THE WELL AND DRAINHOLES

7. TASK No.&6:CALCULATION OF PRESSURE DRCPS IN VARIOQUS DOWNHOLE TUBES

It was shown in Appendix 3 that the average total fluids
production expected from the horizontal drainholes associated with the
Downhole Methanator was of the order of 18,000 to 24 C00 B/D,with a
GLR of 830 5CF/B and a WOR of about 2/1.The objective of Task No.6 is
to Jdetermine the size of the liners in the horizontal drainhcles and
the size of the production tubing required to convey the produced
fluids to the surface.The respective sizes of the Syngas feed tubing

concentric with the preduction tubing and of the water tubing,which

is corcentric with the Syngas tubing,can thsn be dztermined,for the
conditicons zpecified. These ara

a1
o
[

2*uring pressure gradisnt = 2.8 psi/ft ovr Pmax =z 2,31% psia

Resgservisir fluid pressur=:Pe = 1,800 psig = 1,815 psia=

Net thickreszszs of each saznd:h = S0 7+
Averzgs Zermeszbility:K = 150 md.In +“he zbsaence ¢f any infcermation on
directicnal permeabilitiesz, it i35 aszzumed that Ko, /¥ = 225

e



Fracturing pressur=:3,215 psia
Reservoir fluid pressure:FPe = 2,000 psia

Net thickness of sands <f interest:h 30 ft

Average Parmeability:150 md.

Assumptions:

In both cases,the average temperature in the drainage area is:

-+

v

{620 75)/2 = 247.5 F

that temperature i3 uw 0.14

cPp

uybes =xit:31 %

cosity at that temperature is estimated at

0il volume factor Bo

The total reucl of e Wovizontal = i3 L = 3,000 ft
The s Alis 7 tre Fyainage avea iz re = 1,500 £t
Tiha Zrairholes in Thase 1 are operated in "huff and puff”and a
the oroduction mede 50% of the “ime
Turing Phase 1,the drainage area of each drainhole is 3 MM sq.
208.6 az
Average flowing pressure inte the drainholzs liner:Fwf = 860 to
rsia
7.2- PRESSURE DRCP IN THE IRAINHOLE [INEE

Trh= pressure drop for 3 teoLal flow rave of 00200 BrD o with s
230 13 -btaired fr.om the ocrrreszponding Zraph (F¥ig.27) *aken fr
Red 44 (X B ZroweY , for a2 2 in 7D liner,with z2n =ffoctive lengt
5,000 /2 = 1,800f+ . The Zottom flowing preszur: ints the verzTi
ceoaduarnion tabling. pwn,is thern 827 psla for the case of the ‘lpp
Sands and 820 psia Tor the Lower Sands

1.5 Zp
re in
ft =

1,060
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7.3~ FRESSURE DROP IN TEE PRODUCTICN TUEING

A tubing size of 9.5/8 in.GCD (8.921 in.ID) was s=zlez<=2d Th=
pressure drep for the same flow rate (20,002 B/D,930 3LE; in vertioal
three ohase flow i1s again d=termined from Ref.44 using ~he graph £
Fig.?1. The corresponding well head flowing pressure is:

160 pzia for the Upper Sands {Vertical flow deptl, = 5,500 fi),and
120 psia for the Lower Jands (Vertical flow depth = 4,600 £t

Th either case.the well head pressure is sufficient to discharge
the produced fluids intc a separator at 100 psia operating pressure.
To minimize the outside diameter of the couplings,a VAM "special
clearance” connection was selected,with an OD = 10.141 in.

7.4- VERIFICATION OF 3TEAM DELIVEERABILITY

The worst ~ase is that of the Lower Sands (Pe = 2,000 psia).

The injection pressure is 2,575 psia,for the mixture of steam and
gases discharged from the Downhole Methanator.This is 240 psi below
the fracturing pressure of the Upper Sands

The re.ztive permeability to gas is ¥Hrg = 0.6

The avarage inj2ctant viscosity is nug = 1.593 x 10.-5 #/ft. s = 2.723 x
1 -2 =

The average temperature in the drainage area is 347 .5 F = 307.5 R

The maximum flow rate into the reservoir for this pressire gradi=znt
is
g = 5 = 703 2 0,150 x 0.6 = 30 « [/2,57532 - 2,000y 2 [C 7R.10-2
x 807.5 Tin (1,E0C ,/ 0.229) - 0.753) = 162 MM3CKF/D

ivjented iz only 143.8 MMSCF/D/well, providing



The 5 in.ID lin2er of the drainholes is therefore accep+table even in

the worst case.

7.5-SELECTION OF THE SYNGAS FEED TURING
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Th= Syngas f=2ed tubing is concent
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ic with the production tubing. IT+s
drift diameter must exceed the 10.142 in.diameter «f the VAM "specizl
2~_earance’” couplings of the 8.53/8 in.production tuabing.

th an ID of 1

e

A 211.3/4 in.Hydril Super FJP turing,w
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drift diameter of 10.618 in.was selectad.
Its annular rcross section is 19.37 =q.in,=2quivalent to that of a

tubing of 4,83€ in.ID.The CD of the couplings >f the 9.5/8 tubing is
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concentric pipes.Besides a.
reduzad 20, ansther zdvantags of the Hydril Suz=r FJF is to provide 3

seals to prevant lezkage of the Hyd

ogen-rich Syngas.
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ytic bed pressuce 13 about 2,700 psia at the l=2t of the
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bed. Tonsidering the pressure drop through the control valve and the
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through the gas tubing,the injection presszuare at Lhe
well-fhead mzy e about 3,070 psia.

1
in

=7}
’ 4
[}
)
ct
b
O
o]
w
+h
ct
-
1
6]
a1
b
{2
(47}
ya
H
i
i
a}
‘.
Le)
"
(5
.
r
t
w
' +
W
O
(o9
%
'J.
ot
ot
-y
o

P 1
]
e
o
}-J
1)
L1
3

n
ot
Iy
‘A
ot
1
¥

drairhsle lirers zre cornectaed £t the zasing. This cornfigura-icon is

—ynam s pe g < - PR S . e - T . B oy T A - -

creferres when the Jiamster o7 the producticsn tulbing 13 large, helalce
N - S -, LR TIEN - - - £ .-

it leaves 3 gr=ater part f the reactor 2ross ecnion available for




“he catalytic bed . The langth of the rezctor and valvs zectisn iz
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sia gas pressure at the well head). The limiting desizn
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event of a failure of th=
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param=ter is the <collap

4]
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Pressa
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Syngas fesd compressor and of partial venting of the gas in the
tubing,the full pressure of water in the annular space between the
water tubing and the Syrngzas tubing mighkt become applicable, thus

jquiring a collapse pressure in =xcess of about 2,800 psig for the

.r
-

m

o

g2as tubing.

7.6~ ZELECTICN OF THE WATER TUBING

The water tubing is concentric with the Syngas tubing.Accordingly,

its internal diameter and drift diameter must boih be greater than

“he 2:0ling water pump fzils and that the water —ubing empties wh.ol=
tne Downhole Methanzasor :chats down For the Lower Zands,the haeight of
the muc occlumn 1z 2,7EC £~ . With 2 maximum mud censity of 10.0
2/gazl,the minimum allowabls 2-ollapse preczsure iz 1,346 psig

£ 12.3/% irn.tabirng was szelected,with a2 wall +thickness of $.F14 in.
and a drift diameter <of 12.191 in.This leaves = zlearance of 2505 in



for running the Hydril gas tubing within the concentric water tubing.
In order to meet the required collapse pressure with a safety factor
of 1.4,corresponding to 2,725 psig,a high grade steal,F-110,was
selected. The ccllapse pressure,for a wall thickness of 0.514 in.1is
2,890 psig.The tubing ID is 12.347 in.and the drift diameter 1is

12.191 in.Regular API couplings are preferred in this case where

[
-
]
b

couplings OD is rot critical in view of the large clearance availabl=
betwesn the water tubing 2nd the large-diameter casing.

The flow cress secticn is 11.3 sq.in.,equivalent to a tubing
of 3.793 in.ID.The volume of cooling water to be conveyed to the
reactor is 143,200 #/h / 61.2 #/CF = 2,440 CF/h or 10,428 B/D,assuming

that the average water temperature is 150 F.The corresponding water

veloclty is.

[~

,44

o

CF/h / (3,800 5/h x 11.3 sg.in / 144 sq.in/sq.ft) = 8.6 ft/s.
The pressure drop due to friction is determined from the chart of

Fig.23,also taken from ref.45.For a flow rate of 10,428 B/D, the

friction pressure drcp is 3 psi/100 ft. )

The *otal friction pressure drop is:3 / 1200 x 3,750 = 112 psi

he discharge pressure of the water tubes in the resactor is 2,8Z35

osia.Assuming that the pressure drop on the wat

r circula

{

system and water control valves iz Z5C psi, the maximum prezsuare
opli=d by the ccoling water on *the =xternal surface of the gas
tubing is 2,625 + 250 + 1il = 2,887 zsia or 3,002 r3ig,aimost equal

s *he n-ominal limit of 3,300 fzig previcously considered £ov th

gaz tubing collaps= pressures.The zystam 5f concentric tubings zelected
meets all conditicens for safe operztion

7.7-CRITERIA FOR THE SELECTION COF CAZING C€IZE
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ed as the test compromise between

elec

0
n

A 24 in. <casing wa

th

aonflicting requirements:1) a cross section suifficlent to provice

L)

about 2.5 sq.ft for the catalytic bed cross

ct
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2} a wall thickness sufficient to prevent

ccllapse under the reservoir fluid pressure (2,000 psia).The colla

Us}

pressure is proportional tc the cube of the ratio of wall thickness

<
b}

1N

P
[

diameter,thus requiring a larger wall thickness for a larger diameter

pipe.The proportionality factor is directly related to the Yourg’s

modulus of the steel,so a high strength steel is preferable.

3) a total weight within the capacity of the

heavy drilling rigs available on the North Slope of Alaska.

The largest high pressure API casing suppli=32 by Mannesmann

Eohrenwerke A.G.has a diameter of 24.5 in.,which would be suitable
plicaticn.The upper part of the casing, above the reactor,wil

always be £illed with drilling mud while it is l-wered into the hol

and Wwill remain liguid-filled during cementing of the casing.This

durinz its displacement.Cther advantages of this technigue include:

J

z) zhorter pumping time

r
2
{

by reduac=d ~cntaminaticon of the cement zlurry tefore its flow beh
the casing
sy *he inzide surface <f the casing remalins in Zontact with mud a

Qi
o
U
O

Fig.24 shows *the special stab-1n camenting choe and stinger o
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called s-ab-in unit) which are used for this operation.

7 .9-PROTECTION AGAINST COLLAPSE CF THE LARGE CTAGING
The upper part of the casing,above the reactor is filled with Arctic
Pack mud in the =znnulus around the 13.3/8 water casing.
“onsequently,this portion of the casing is not subject to collapse.
The bottom part of the casing,opposite the reactor,is normally

pressurized by the Syngas feed flowing through the annulus between the

1

L

casing and the reactor shell.The risk of casing collapse only cccurs
if the Syngas pressure is released.This may be prevented by installing
a set of two check valves,none on the reactor inlet and the other on

th
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catalytic bed.Each check-valve will be pre-set to
clrse respectively if the upstream gas pressure falls below the wvalve
preset pressure value.In *“hat =vent, the reactcr will shut down and
will gradually ccol off under continued water injection.The gas

pressure in the annulus between casing and reactor shell will drop as

the gas cools down,but remains suffici=nt to prevent the casing from

=zctor have tc be disconnect=d from its harsger
he zurface for repairs,the Arctic Pack mud would first

Yo ‘iszplaced by btrine cf suitable denzity,which would be cironlzated

1)

-:t z2nd replaced by frezh water befcre brezking the connection.

A1l drainholes would als. have beer temporarily pluzged with wirelins

retrieyzhle olugs.prior to treaking thelr Conpection to th= rea-ztor.
Gas trapped in the szszing helow the reactor hanger wousd then bHe
replaced by frezl, watzr aftar this seal has been bDroken and while tne
raant e omnd water tubing are pullsd 2ot Following reactor cepalrs, iin=
reactor assembly, including the Valve Section,Connector and Cross-over



Secti-ns,hung on the water tubing is lowered into the water-filled
azing and threaded int> the hanger.Water in the annulus cutside the
rea-tor shall below the reactor hanger is displaced by pre~suriz-=d

inert gas.Jonversely, water above the reactor hanger in the casing

znnulus out=zide the water tubing is displaced by Arctic Fack mud. After

+

[

reassemb

C

ing the Syngas tubing and the production tubing,water is

displaced out from the annulus between the Syngas tubing and the

A

production tubing and replaced by pressurized inert gas.The temporary
plugs in the drainholes are then removed and the reactor is now again
ready for re-start.At all times during these operations the

internal surface of the =asing is pressurized and the risk of casing
collapse while the reactor is in operation or being serviced is thus

liminated.

aJ

Anothe

[at

ri
ri

I of casing collapse exists durirg the displacement of

0]

the cement slurry behind the casing.The weight of the slurry 1s about
15.4 #/gal.With a 10 #/gal mud inside the casing,the net external

pressure app.ied by the cement slurry,in the case of the Lower Sands

pa
n
~
-
[s]
S
<o
Lo]
wn
b
-
t
i

0.519 psi/ft) x 4,300f+t = 1,124 psig

0

Witk n safety factor of 1.5, the reguired collapse pressure is 1,528

pzig.To m=et *his rejuirzment with = 24.5 in OD pige,= Figh streength
tenl i3z required (C-75 for seamless pipe or X-70 for ERW pipe) and a
wall *hickness «f about 1.07 in.Mannesmann Rohrenwerks zppears to he

+he -nly supplier for

a
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th

this siz=,lut several szuppliers

akle for ERW pipe of that size and larger,mest of them ars

An alternative which would be worth considering in the fature
is +the possibility of using a stage-cementing speraticn to reduce the
height of the =cliumn of cement =lurry and thus reduce its hydrostatic

_9_,
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pressure.Zuch an operation would require the inclusion in the casing
string of several stab-in stage cementing.collars.These are readi
available.

The possibility of using a lower density zement in the upper

]

part of the well cculd alzo be investigated when more informaticon

becomes available regarding the fracturing pressure gradient in thes

The use of =ither of these two cementing alternatives would result
in significant reductions in the callapse pressure specification aand

consgequently in the casing thickness and weight.

7.10-DESIGN CF THE REACTOR HANGEZ

In view of the large weigat -f th sembly and of the
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necessity of establishing a ga weernn the gas-filled
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annulus cpposite the reactor 3hell and the anr.ilus filled with Arctic

Fack mud atove the reactor,a threaded cornection providing a reliabl

[1¢

me+tal/metal s=al is pr=ferred to the use of a conventional-type liner

o o~ -, h = - - P - o e 4 - - 1 - 3
harnger zrnd that <f the connections of *ihe drainhcle liners with tle
sasing :n zdvance a2nd the use of the drill pipe for
camenting the casing mares 1%t possitie Lo insert o2twesn Two A310g

s=2tins a short Jjoint -onvalning a buttress threzad on an internal

cpses ~f sufficient wall =“hickness and length ©o wicthitand the
sertical Toadl The reactor bead can then be fltosl owitlhh oa threaded mases
Lonnector which,when sorewed lntod the threaded upzet Joint, provides
toth the reguired seal =nd tne ztructural support for the reactor
zzoextly . The male zinnector thread i1z locatzd ar, extarnal apas=st



Fig.f? shows in ~ono=pt the reactor being run-in through the fasing
prior to mating the threaded hanger into the casing intsrnal upsest.
The internal upset thickness in the casing joint is typically .5 in.

e male connector OD is egual to the casing ID,minus 2 .22 in.

“onversely, the reasctor shell 0D is equal <o the Zrift ™ oaf <he

From the previous analysis,ths outside diameter of the reactor shell
is then: 24.5 - 2 x (1 +# 0.5) - 0.25 = 21.25 in.When the reactor is in

operaticn,the gas pressures

}A

nside and outcside the reactor shell only

differ by the friction pressure drcps due to the gas £low,o0f which a

[
"

major component is the pressure drop through the catalytic beds.This

)
®

w 10

Q

pressure drop is onliy a psi,which produces a very low stress
in the r=actor shell When the reactor is lower=d into the casing or
pulled -ut for repairs,the cazing is filled with frezh watar and the

pore space of the catalytic bed is filled with pres

: 3 PR
rized inert

m
o

Jootermined Ly tl.iz internal gas pressure zcting only when tnoe rezctor
3 s - = =S ox - 7T oael A r = ) .
i3 ~-11 and under =xternal prescure <f 14.7 osia.or arnder an =uiorna
waier oressure of 2,000 psiza,resul-ing in o net —xtoria2l pressairs :

- - ™ 3 - 33 . v, - i - . 4 =y ~ . . . v e .
ToosilThe iesign zondicnl : arz +tren: 1.71% p3ig buvst prassurse s
.- . o
T ool oomeilzozos presoure
1 - - - hl -~ - b o . - -
Th= =lloy zt=e SE LTt Dy - . g R 3
- . L . - ) -
S - TN EerAaT iy ! Fiew YWz SemtiDe
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Loy v oSen 2RI oA Fallatos d-l-;_,v' i3 Fastellioy L, ,WITO 2 Sool”
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strerzgel of 100,770 psioand  Young's moouluo, st SJ0 T,o.f 25 millicn
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61 #/CF.A 2 in . ID (2.1/4 in.0QOD) pipe size is selected to permit the
use 2f 1.75 in.0D wireline +tcols.The corresponding flow wvelocity is=:

1,825 %F/h / (3,600 s/h x 3.1418 sq.in.,/ 144 sq.in./s3q.ft) = 19.4 £+,

(]

The EReynolds number is3: 19.4 x 0.166 ft x 681 #/CF / 0.29 10-2 &/~ 5
= 877,000 .The corresponding Fanning fricticn factor iz 0.0045 and the
pressure drop by Fanning’s equatiocn is:

AF = 0.323 x 0.0045 x (E1/82.4) x {(16.4)2 « 250 / 2 = 47.12
psi,which is acceptabl=

Concentric with this water pipe iz the feed gas pipe.A 3 in ID pip=

produces a pressure drop AP / T(R) =< 50 psi / 100 ft ,or for 250 ft
length and F = 3,000 2si. T = 1,085 R the pressure drop is =< 65 psi.

The 0D of this pipe,mades of Hastelloy C,is only 2.5 in.

o

Concantric with this Syngas pipe are the =2ight steam/water

separatorz . For a water/steam tontzct at 30 % -f the separator height
the water flow through 2ach separator is

It 1: necessary to maintain the natural circulation of water in “he
waler Tubes,in wnich the zub-czolad water level is

OO80 w7186 £+ 8 = 15,9 £t aceording o secticon 8.8,

T hesd loss due to friction in =ach =f the 82 wa-er +tubes 15 lez:
Tnz2n 1 £t of water.Conseguently the reguired hezd in the zepzara-cor
tuabzz must exc2ed 15.9 = 1 = 168.9 £+ -f wataer. It f-17 - w3 that

the Y223 loz:z lue 4o wazter fricoisn in the zeparztors muz® he limited
T ozfout 501 £ of water cver the 43 ft height f +tle sz2parz-cor 2

Srizzogection equlvalent to o trat of 3 Z.7% in 1D zipe.
The znnulus between the 3 % 07 gzs pipe and a pip=s of 4.5 in ID



more than satisfiss this -ondit:zon.This third concentric pipe is made

4

of 3lloy steel compatible with high temperaturs st=am.suzh as Troeloy

TP 2Z1 H,with a high yield strength.In view of the

(=1
()

it is subjected,the pipe COD is only 5.0 in.

Finzlly.a fourth sipe,adjacent to the catalytic bed and concentris
with the steam/water sseparator pipe,provides an annulus faor ths £1.w
ant mixture With a reactor coosling water rate of 143,400
#,/h,tkhe total mass flow rate of injectant is 566,043 #/h.

Its pressure is 2,575 psia and its temperature 820 F (1,080 R).

It was shown in section 7.4 that an injection pressure of 2,520 psia
is sufficient to provide the required deliverability from the
drairhole . AAP of 55 psi in the injectant cocllectur space cover the
total l=2ngth of the bed (196 ft),or 28.1 psi/10C ft,is acceptable.

Th= fric*ticon pressure gradient for this steam-rich mixture may be

The graph of Fig.25 (taken from Ref.17) shows that a —-ross-
ction equivalent to that of a 5.25 in.ID pipe is sufficient.The

annulus between a 7.65 in.ID (8 in.0D) pipe and the 5.0 in.{D pipe

iz szufficient to provide such a cross secticon.This confirms
the poszibility of including all the reasctor internals within a 3 in

pipe,as assumed in section 7.12.The alloy steel szelected for this

Hydrogen-rich feed gas is again Hastellaoy C.

_14_
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could be achieved by tapering the various concentric pipes providing
+the reactor internals.This tapering would reflect the gradual
consumption of cooling water from unit to unit starting from the
reactor top.It could also reflect the gradual consumption of Syngas
from the bottom of the reactor to the top.

By interchanging the respective uses of the central injectant

collector space and »f the casing/reactor shell annulus,the stress in
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thickness of the reactor shell,thus saving on Hastelloy costs.

Another option,which would maximize the bed cross section,consists
in using the annulus betwesn czsing znd reactor shell as a single
ceparator for the steam and water efiluent from all units.The steam
outler and the =wuoling watsr inlet would be l-cated in the reacter
head,thus elimirating the need for the central water distribution tube
within the reactcr.The reactor internals would then consist of only

twn ~opcentric tubings,respectively distributing the Syngas feed and

-~ollacting the effluents from all the beds.Their cuter diameter could
te reduced o less than 7 in
T™es —szoibility of designing the water tubes zyztem in the catalvs
- = o <

~ - - £ CRNURPI e T SRt F S g T
2 2= a sat of forced circulaticon,cance-through,nign pressurs siean

P -+ I - . SO PP ! b . ot~ I - -
generazor instead of a ratural clroulztloin Toller zhousd zlse k=
- e s

inveztigated as a way of further cinplifying all Tne r=acior
3 -~ -1 - - -3 - - - - - PP - | . = 1o M - ~ - b -, -1 - 5 - -
trtornals. Sach oan asproacn woild rezult oin oa small ceduaztion -f the
[P S - P F SO T n e = Qs P . .2 - .3 -~ - h! - - M 2 +
steam zuallity {(to ancut 7T%; in > inlectzant mixture,bat 1t might

CRNURU B U T S . s it e s - ~h= regeotor st Y ry v A e
SimpLiz the sperating ZoNTrol3 X The redftor,alc also Ieleese
zligh~ly the wvilams 2Ff the reactor Internals

Only o limited zmcount of design optimization wWas dons Trne results



are raflected ir the dimensions given in Table 6,which are slightly
difforent from those indicated in Section 7.13,and which were uaced for
coest e2stimating purposes.

Tco little information i3 presently available on the strength of th=s

+
o

[€)]

"

rocks in the We reservoir to evaluate whether the horizontal

m

a

drainholes will have to be gravel-packed in order to withstand the

large flowing pressure gradient without excessive sand productiocn, but

ct

+his important guestion should also be addressed in future studies.

7.15- CONCLUSIONS OF TASK No.6

1) The calculation of pressure drops in the flow of fluids entering
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ivred for =hese flow systems further demonstrates the technical

feasitility of the applicztion of this process to the West Sak.
h

2% The rroduction rate of 18,000 to 24,000 B/D with a GLR of 830
a WOR of about 2 may be achieved with 3,000 f< lcng horizontal
Arainhol=s lined with a 5 in. ID perforated liner and with a 9.%5/%
vertical tubing

3) This work zlso provides a firm techrical basis for zstimaticg
a-=z=t f 311 -te Jdownhole facilities

47 Tresa facilities use available alloy stesl:z, cinventional zige
sizes znd known technolosgioz to reduce technical risk.This gr=atly
=r.han_=s the reliabili+ty f the o3t estimates

[y

cactor and the selaction of the various tubular goods

and

o
-
A
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FIGURE 2.4
PRESSURE DROP IN SINGLE-PHAS
GAS LINES
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NOTES: . 4. Pressure drop equation (Fanning) used

TR
/1. To find pressure drop, multiply ordinate by B oan

and b factor, Mol. wt. correc-
tion uci'ou not t.lbuhwﬂ may & interpolated.

2. Length of flow includes the equivalent pipe length
due to friction in fittings o P

3. Donotmthueenrvuvhenwulmumdmp
excoeds 109% of line pressure.

MOLECULAR WEIGHT CORRECTION FACTORS

000-100 000 MCF/DAY

Approxzimstion
MW -8% to + 6%
MW. 40 1.27 -10% to <4109,
MW 60 289 -169% to 4169
MW. 80 8.66 -16% to 4159
100-1000 MCF/DAY
74"
MW 20 1.06 -8% to 4 b%
MW 40 199 -16% to 4169,
MW 60 .47 -20% to 4+20%
Mw, 80 8.10 ~26% to 4259

is umsed on
friction f-ctor values given by the NGPiiA D.tl

Book (1848.1957 Editions).
Ap = SLITQ? * 1000
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pressure dro
friction hctor trom NGPSA graph, or
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average gas velocity, ft/sec.
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STAB-IN CEMENTING EQUIPMENT EAKERLINS

24 so

A OVIBION OF SAKER INTERNATIONAL CONPORATION

Bakerline stab-in equipment is used for
dicient and safe cementing for large
dsmeter casing.

Advantages of Stab-In

o Cement displaced by drill pipe

¢ Cement mixing can be terminated at
any time

¢ Casing protected: cementing
pressures confined to drill pipe (like
asqueeze job)

¢ No plug(s) required to get even less
contamination and greater dis-
placement accuracy

¢ Minimal drill-out required

o Stab-in allows tighter control of
cementing operation

¢ Stab-in takes the guesswork out of
figuring cement volumes

¢ Stab-in cuts down the possibility of
fiash setting in casing due to pump-
ing a large displacement volume

o When cement retumn appears, only
the volume remaining in the drill
pipe has to be displaced

¢ Stab-in reduces pump displacement
time by cutting the cement volume
needed (Conventional 20 in. casing
volume at 2,000 ft is 710 bbis of ce-
ment. Stab-in cementing through
4-1/2 in. drill pipe requires only
28 bbis of cement in the pipe at
2,000 ft)

BAKERLINE STAB-IN CEMENT BAKERLINE STAB-IN CEMENT
FLOAT S8HOE COLLAR

Product No. 254-03 Product No. 255-03
Recommended for shallow to medium

depth conductor and surface casing ~ BAKERLINE FLOAT SHOE
cementing jobs where displacement  Product No. 100-01

volumes can be accurately controlled.  Recommended for large diameter

, casing cementing from shallow to
BAKERLINE STAB-IN CEMENT deep applications where a “shoe joint”
FLOAT COLLAR is required and a float shoe is needed
Product No. 255-02 to e:\hance cementing set-up around
BAKERLINE GUIDE SHOE the “shoe joint".
Procuct No. 102-01
Recommended for large diameter mﬁ%’ (l;l
casing cementing from shallowto g py7F1 OW FILL-GP COLLAR
deep applications where a “shoe joint™ Product No. 255-05
is needed to prevent over-displace- :

ment of cement. A float collar is desired

to remove the back-pressure device BAKERLINE GUIDE S8HOE

from the bottom of the string. Product No. 102-01
Recommended for applications where
&t is desired to provide an sutomatic fill
feature as casing is run in the hole.
Flexifiow Collar is converted to back-
pressure device by applying pressure
to drill pipe after stabbing seals into
collar seal bore. :
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APPENDIX 5
OPERATING SCENARIO OF THE WEST SAK PROJECT AREA UNDER INJECTICN OF
STEAM AND GALTS

8. -THREE PRODUCTICN PHASES

Over a lifetime of about 30 years,most of the large o0il fields are
subject to several different modes of exploitation,taking place
sequentially,in order to maximize o0il recovery and cumulative cash
flow.

For the West Sak project,three main pnases have been assumed:
1) "Huff and puff"” operation of multiple drainholes connected to
vertical wells,each one equipped with a Downhole Methanator/Steam
Generator.Well drainage area:ca.14,000 ft x 3,000 ft (see Fig.28)
over a minimum of 4 separate layers.
2) In-fill drilling of production wells and drainholes at mid distance
between the original wells,for conversion to a steamflcod.Drainage
area of each injectour:ca.14,000 ft x 5,000 ft.(see Fig.27)
3) Heat scavenging by water injection in the coriginal (Fhase 1)
drainage area and re-use of the Downhole Methanators/Steam Generators
in new wells,drilled adjacent to the Phase 2 drainsze area.

An alternative Fhase 2 operating mode is to transfer the Downhole
Reactors from the Phase 1 area to newly drilled large-diameter wells

in between the original wells,which are converted tc heat scavenging.
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8.1- PROJECT ARRAY

With a Syngas plant consisting of four trains,each one with a
sufficient capacity to serve two Downhole Reactors,and with the Phase
1 wells drilled on a nearly square grid,the project area is a
rectangle,or parallelogram,of sides ca.14,000ft x 28,000 ft.

In Phase 1,only 8 large diameter wells are drilled,each of them
equipped with a Downhole Reactor and connected to at least 4 pairs of
horizontal drainholes.The horizontal distance between wells is
ca.6,300 ft,when the drainholes coincide with the inter-well line,to
ca.7,000 ft,when the wells are staggered (see Fig.28)

In Phase 2,in-fill drilling adds 10 production wells in the case of
conversion to a steamflcod.These are normal size vertical wells,each
one connected to at least 4 pairs of drainholes.In the case of the
transfer of "huff and puff" opérations to the median areas,the
in-fill wells are the more costly,large-diameter wells required for

being fitted with the transferred Downhole Reactors.

8.2-REASONS FOR CHANGING THE OPERATIONAL MODE

Major problems with steam injection methods of oil recovery are
the tendencies towards steam fingering and steam override,which may
resalt in by-passing some of the oil in place.The use of horizontal
drainholes drilled in the lower part of the reservoir results in the
formation of a steadily increasing steam chamber,along the sides of
which the heated cil flows downward by gravity,towards the drainhole
during its production {"puff”) part of the cycle.The advantages of

this type of counter-current flow of steam and 0il are well described

by R.M Butler

] in Ref 48,

A very important feature of the Phase 1 "huff and puff” mode

-2_



of operation is that the heat loss to the overburden is reduced

as a result of the fact that the heat front in the overburden is
alternatively advancing and receding.This maximizes the effectiveness
of the injected steam to mobilize the oil in the zones closest to the
drainholes.This is an effective way of reducing the pressure drop

around the drainhole and of maintaining the well productivity.

8.3-PROPOSED PHASE 2 MODE OF OPERATION

Ultimately,the upper part of the steam chamber extends over the
entire drainage area (>= 216 ac.) of the drainhole and heat losses to
the overburden become comparable with those experienced in a steam
flood,and the production part of the "huff and puff” cycle peaks at a
much lower rate and extends over very long periods.This is the main
justification for conversion to a steam flood in Phase 2.

Phase 2 is predicted to begin after about 15 years of cyclic steam
injection.By then,the oil saturation around the original drainholes
has been significantly reduced and the viscosities of oil and water in
that zone have also been drastically reduced.This situation makes it
easy to inject steam at a high rate,a primary requirement for a
s@ccessful steam flood.The steam flood fronts in the pattern shown on
Fig.27 effectively starts at a distance of about ;,500 ft from the
injection drainholes and has another 1,500 ft to travel before

reaching the producing drainholes.Over such long distances, the

5]

eservoir hetereogeneities,sicous fingering and gravity segregation

f»
~

F

e sxpected to make the frontal advance very irregular.The over-all
sweep efficiency of the steam and gases 1is assumed to drop from 70 %
in Phase 1 to only 40 % in Phases 2 and 3.0n that basis,material
balance predicts that the total duration of these two last phases will

..3_



also be about 15 years.It is also expected that during Phase 2 the OSR

(Dil/Steam Ratio,a determining economic factor) will steadily declire.

8.4-PHASE 3 OPERATION AND OVER-A.L RESULTS FORECAST

Phase 3 will begin when the irregularity of the steam front causes
early break-through of the injectant at the producing drainholes.To
offset the declining OSR,water wiil be substituted for steam in the
injector drainholes responsible for the break-throughs.Heat stored in
the reservoir rock will vaporize some of the injected water, thus
increasing the total volume of steam behind the front.Heat scavenged
from the rock will also provide a hot water front traveling behind the

steam front.Although this hot water is less effective than steam to

o

M b M - - -3 M . - - -y § T - - -4
displace neavy «<il,its ocointrizution to o1l

[

recovery 1s not

rnifi-zant ard its

(W)

Th= Downhole Reactors,pulled out of the wells converted to water

injection,are then transferred to virgin zones outside the‘oriéinal

pattern,as illustrated on Fig.27,for a new “"huff and puff” project.

The lifetime of the reactors was estimated at 30 years,with periodic
raplacement of the catalyst and routine repairs of the internals.

With this scenario,the cver-all West Sak recovery after 30 years 1=

alculated to reach about 44 %,a value consistant with steam

G

injection results in several mature Heavy Q0il fields of California.

8.5-DISCUSSICN
For lack of detailed information about the West Sak reservoir,no

specific area was considered for this scenario,but,in a field covering

300 sq.miles,it is unlikely that a suitable area. portion of only
about 14 sg.miles could not be found,which would correspond to the

_4_
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PHASE 1 DRAINAGE (MARZ-LANGZFHEIM)

e ca. 14,000 ft ,

1,500 £t

PHRASE 2 (ALTERIATIVE 1) :

IN-FILL DRILLING AND REACTOR TRANSFER

PiAaSE 2 (ALTERGBATIVE 2)

COWVIRSIOL TO STEAl rLOCD

#4523 (Ii BOTE CASES)

EZAT SCAVZIIGING BY 324 VATER IHJ=CTICH

FIG. 26 . OPERATING SCENARIOS
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