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ABSTRACT

" "' _ s_nds overlaying the Kuparuk ?_l,J_p_e_ Cre*_,_ous. , _._The West Sa:_ ,,.

at o r,0v_ .,, depths,contains heavy o_I (12-93 API] at a low GOR

"ims _ ,-,,_13 +o 25 Billion Barrels,thi=Wish a r=_nge of OOIP es,_ ,_es __ __ - _===_-

v_.ir,cov_-in=._ __ = S0c-;,sa_.mi _'_s (77v.,_ Km='_ ,wou!__ rank __mong the largest

known c,il -';_-IA_ in +_ _'-....... ._,o,but technical diffi_'u!ties have so far

prevented its c<-mmerclai exploitatic.n. Steam injection is the most

s:ac_=s=_ul.____ and ,-_=_..__,,_st,.._commoniy-us_d m_*hod.__ of k_avy.._o _'_ .-_overy,hu%

_:_=,___pz _]-:,--=-_____.........-,_,- _ the Wes- ,_'_...n_=-......._nts %_ _<.i:,=wing majo_ .mr_'_"_ems---

- " r,

}ste=_m in:e,_'_ ,_ ?_om the surface w<,u d ]:.ave ._,.:..............

- "" - - " _ the =_t_a,-,(@'l:0m)-*h_k P=r_,a_,=t ]-_yer _Jn-vc,i_=_-,'- _eat ,-axes -,-,.-,

9.n.! production tubings ?.ave two detriments _ _?==-,_t="

a) the in :=,-_=_ --'==m qu_':-y :_. greatly r_Juced,_n/

we!± to sir;b wi _b, p,:,-:..,.... y di-astrous e::ec,_s

a)*h=......_==ervo:_._. _-:ns;zns. -,?____ n.aj __. L=_-_--_--,_=+:ve.. , , y -__-.......=n,__ ,-f.

medium zermeabiiity _ca. "5,_'_md'i

3 mbe West l,ak forms%ion contain.s some sw_ ] :_"-,g "!_ys,which,when
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exposed to steam-condensate, fur%her reduce the rock permeability;

4) high well rates,generally required for economic operations in

the Arctic,make it imperative to prevent degradation of per-neability.

Such difficulties may be overcome by using a novel approach, in which

steam is generated downhole in a catalytic Methanator,fro,n Syngas made:

at the surface from endothermic reactions (Table l).The Methanator

effluent,containing steam and soluble gases resulting from exothermi_:

reactions (Table !),is cyclically injected into the reservoir b_7 means

of a horizontal drainho!e while hot produced fluids flow from a second

drainhole into a central production tubing. The downhole reactor feed

and BFW flow 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 reduce heat leaks.

A quantizative analysis of this production .:_theme 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 --stimate the cost of these facilities,per dai _=y barrel ,of ,0il

p_.d_d ^ p_=7 iminary economic analvs_ = _.. _u= s a_........ .-..... _- and c,_c _ -ion __ presenteJ

to[ether with an ,outline of future work. Economic and regulatory

conditions which would make this approach vi_b!e ,are discussed.

lh :RODUC 'ION

-_._bi_shed........ ir_orma_i<n ,--n<he W_st $ak _servc,=r,=_u_h_:red :_r,_,m Re_

_._ "3 •
:,__,_, is shown _,n _ab!_ 2.A i,.-,c_icn ma; of _h. fi---] _s shc,wn cn

m'_g.... _ ,wF:_ -tee existing roa,4s,s_a....... docks _,a maj_Jr- ....._iow !{nes fo_ th_

Kuma_u _- and Milne _'oint f:=l_s are a±so _ndi,-_ted The main

characteristics c,f a 19 API sample of West $ak oil (taken fr<,m Ref.4}
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and the _=-__uIts of sand pack displacement runs (Ref.5) of this oil

by various fluids, including steam and gas mixtures are summarized

in Table 3.Specific relative permeability data are not yet available

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

assessment of the technical challenge presented by the exploitation of

this very large oil resource can be made: l.The low oil gravity and the

low reservoir temperature,together with the medium range of reservoir

permeability result in low oil mobility; 2.The relatively small (20-40

ft) _hickness of each of the 6 main layers separated by impervious

shales is another handicap (see Appendix i) .

ARCO's pilot waterf!ood,_erminated in 1985,has shown that,despite

low weil productivities (ca.!30 B/D/well),in the deeper part of the

field,where the oil is lightest,it may be sufficiently mobile to be

displaced by water. In most of the reservoir,hewever,a recovery process

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

Miscible Jis_lacement processes are rarely applicable to heavy oils

and the laboratory tests with CO2-rich injectants presented in Ref.2

and 4 have shown that reservoir plugging by asphaltene precipitation

fr_.m West 3ak oil is likely to offset any benefits of viscosity

reduction -...._!_.{ from mixing with the injected solvent.

A more conventional way of increasing %he q_obi!ity of heavy oils is

tLr__u==h the application .of steam heat <"huff and puff"and steamf!o,.-:d).

Tl'_is :s a proven technology,responsible for most of Lhe oil prc.ductio:_.

in _alifornia. Its implemenzation in the Arctic,however,presents a very

difficult challenge because of tl_e risk of melting the Permafrost

wherever heat losses may occur from boilers, steam lines,steam tubings

and production tubings carrying hot oil and condensed steam.__'reventing

any significant melting of the Permafrost around the cemented casings
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is a major concern in the design of any Arctic ,oil well c_mpletions.

This becomes even more important for thermal wells,where the fluid

temperature levels greatly exceed those of naturally flowing wells.

Effective removal of the bond between cement and melting Permafrost

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 exceeding 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 botzom reduces the quality of the injected steam,thus

reducing its effectiveness in the reservoir. To eliminate this loss is

a major objective of this novel approach, in which the required thermal

energy is transported from the surface to the downhole Methanator in

chemical form,without significant loss.

BACKGROUND

Laboratory displacement experiments by steam, in synthetic porous

..m_d_a__ (Ref .5] have shown that recoverles_ of West Sak ,_]___excee,_ng__ "=°_._ -o

are achievable and that the addition of an oil-so!:ble gas (CO2)

f_,_+her __v_-_s the recovery through a combi-aticn _'_-,9vari}u=

mechanisms'_ additional viscosity __=s,,_tion____and.. swe]<___..=_._=-,._..the oil __n

,'_he co!desY part of the displacement front, solvent extracticn and

enhanced steam dis%: !iation at the condensing s_eam front.

The risk of excessive corrosion rates by co-injection of CO2 with

.rond_r,s_ng -_e_-m at h_ gh _ _..wever,demonst_ated by t_.... =,_ .._ _emperature was,_,,-. ....

va_i<,us_ f_=id__ t_sts= of combustor-type downhole s'eam_ generators_

{Re'__.-),_,_ _ _ -xpe_iments_ with alc_=+e__.._. _.._'=,-_ion___o _. .Na-u_!__ Gas

....... _= ' have shown s_._{]_-rand steam (_9.7) a_d laboratory tests {R_= .8_ ......
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benefits,without, the corrosion risk. Similar displacement experiments

ef West Sak oil by steam and natural gas mixtures (Ref.9) have shown

that Methane concentrations of 20 and 25% in the steam/gas mixture

improve oil recoveries by 12.5% and 10.4% respectively over that of

pure steam at 800 F (315 C).An additional benefit of co-injection of

Methane with steam is that produced Methane contributes to lifting the

oil 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 I00 md.ft/cp (30 md.m/cp) is required for a steam

flood to be successful,according to Taber and Martin's EOR screening

guides (Ref.lO).Based on the published average characteristics of the

West Sak,this threshold is reached for a minimum layer thickness of 23

ft,provided that permeability remains at or close to its original

value. This requires that no solids (asphaltenes,coke) be derived frem

the oil nor any swelling of the reservoir clays be caused by contact

with condensed steam. The possible use of conventional steam injection

in this heavy eil reservoir is thus made contingent upon maintaining

_he original transmissibi!ity. The screening guides in the National

Fetrc!eum Council EOR study for thermal processes (Ref.ll) have later

re_uc_ ed the transmissib _]ty_ threshold for steam __n_ect_on__ to only

5 md ......_t/cp,but ronside_ing that reservoir permeabil _y may be !_,wer

than the average value (i50 rod) and that the oil viscosity may be

higher than 35 cE. in many parts of this very large field,it is still

clear that any significant permeability reduction should be prevented

for steam injection to be successful in the West Sak.
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MAJOR BENEFITS OF NEW APPROACH

To meet the challenge of the West Sak,a novel approach t,} steam

injection has been studied in sufficient detail to estimate its c<)st

and benefits. To eliminate heat Ic,sses at the surface and chr0ug!_ the

tubing,high quality steam is generated dow:_.hole. 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 CO2 addition to

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

effects of steam distillation of the West Sak oil. In Ref.18,R.M.Butler

provides the means to evaluate quantitatively the contribution of

steam distillation to oil recovery,but this requires information on

the reservoir and on distillatic, n curves for W-_st Sak oil 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 asphaltene precipitation in the reservoir rock,caused by thermal

cracking of Wes_ Sak oil.Experimental results p_=sented in Ref _c, .s}',c,w

that, when heavy c,ils are heated in the presence of rock,steam.water

and Hydrogen for periods ranging from ! tc, I0 .__ays,.significan%ly l._ss

c_ke is produced and oil recoveries by gravity flow are systematicall>

highe,." than in the absence of Hydrogen. By ana!_:;gy with known processes

used fer refining heavy <,rudes and residues,these experimental resu!t._;

suggest %hat,over the long tern_ and in the presence of nat,iral

catalysts (clays an.! other minerals) present in most reserv<_ir rc.cks,

_ions of Hydrodesuifurization and Hydrocracking,%he wel!-known rea,_

become predominent over those of thermal cracking,in the range of
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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 Cretaceous 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 exchange wit}] 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 original 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.

©ther 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 of the zone

contacted by steam in the reservoir,to a level cGmparable with that of

pure steam injected in shallower reservoirs,thus making the oil

displacement process comparable with that of the most successful steam

injection projects in California.

A major concern in any thermal project is to be able to deliver heat

to the reservoir at a sufficiently high rate. In many cases of low Kh

reservoirs,this is accomplished by fracturing zhe formation. In the

present case,it is done by generating high quality steam downhole,as
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close to the reservoir as possible and by distributing the injectant

through horizontal drainholes extending about 3,000 ft (900 m) into

the lower part of each layer. The technical feasibility of drilli,_ anl

completing horizontal wells in poorly consolidated sands has been

demonstrated in Ref. 19,where the required drilling mud characteristics

are also indicated.

These multiple drainholes,shown on Fig.7,are connected to a

single vertical well containing respectively the downhole reactor-

steam generator,the concentric tubings feeding the generator and

also the single production tubi_ig 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 production mode,in .=uccession,thus

alternately operating each drainhole in "huff and puff" .Methods and

equipment required for the drilling,completion and operation of such __

vertical well and multiple drainholes are described in Ref.20.

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

face have to be sufficient,but the downhole generator ._p;_citl,_ _'.i-

_!s.',__ be _'__m_,ar_,_.___with t__t.._.....,_:,ft}_.. " -_'_=_ _" _ __:<-]" __,. ge_-_e_'a--_'__

• _'_7._- >[M_TU/h or " 59 _W' _n this respect a!_o,the proposed concept

,:le__rly departs from that c,f all previously tested combustor-type

downhole steam generate.rs which ha<" a maximum capacity of only 7. 1

MI_BTU/h. The total volume of .our generator is,of course,much !argc_:. It

is essentially a fixed bed _atalysic Methanator,c,:Doled by water ,_ubes

similar in design to those of a conventional natural circulation

boiler. It receives a Syngas feed (_.{2,CO,C02) znd % b;aiier water feed

containing Ammonia,ali z repared in conventional facilities at the
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surface.lt discharges an effluent consisting of steam,Methane,Hydrogen

and NH3 into each of the drainholes through the Downhole Valve

Section (see Appendix 2).

DESIGN CONCEPT

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 petroleum development

projects in that area:l) large reserves,high well productivities and

wide we_l spacings are required,

2) economies of scale in the facilities are the

key to achieving acceptable capital and operating costs,

:%) 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

or if they are fully understood from an engineering point of view.

There are many examples of such applications of new technology to the

resolution of specific problems on the North Slope,The TAPS pipeline

design itself is unique,and the use of horizontal wells at an early

date at Prudhoe Bay provides another example of such novelties.

The development of the proposed concept followed those 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
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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 exothermic

reactions) has been demonstrated at the industrial scale in Germany

in the early 1970's as part of the ADAM/EVA project built by

Lurgi and Haldor Topsoe (Ref.13)

The design _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 optimizatic, n of such a large project,however,could not be

carried out without more detailed information,only available to the

West Sak oil 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

f,-om su,zh an efg__t,if it is undertaken in the _uture

PROCESS DESCRIPTION

A schematic process flow diagram ia shown on Fig2.The feed

to the steam reformer furnace is assumed to be residue _as from the

Prudh,_e Bay NGL/EOR plant. The produced Syngas provides heat to a waste

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

injection into a pair of wells equipped with Downhole Methanators/

steam generators. The compressor is driven by a back-pressure steam
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turbine. The turbine exhaust provides process steam for the reformer

and for BFW preparation and for the C©2 removal unit. The CO2 is

recovered and compressed for export as a miscible solvent.Auxiliary

facilities are shared among four such trains. They include a Liqu_.J _2

plant,emezgency generator and start-up boiler. They are integrated

with a small Ammonia synthesis plant (Casale process) deriving its H2

feed 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 %0 the surface by three concentric tubings. The

inner tubing carries produced reservoir 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 of 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

BFW streams,effectively preventing this heat from being lost into the

Fermafrost. This improves the effective heat rate into the

reservoir,while reducing the risk of melting the Permafrost.

RESULTS

The entire process (surface and subsurface) was simulated using a

Bechtel-proprietary computer program. Material and heat balances are
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presented in Table 5 for typical operating aonditions.

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 reformeF

furnace in each train is equal 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 DOWNHOLE METHANATOR ASSEMBLY

i
The Methanator Assembly consists of a stack of four pre-assembled

sections ,of length ,compatible with the height (ca.60 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

between elements. Each sect!.on is made up of two units (Fig.4).Each

unit consists of a series of concentric tubes.The outer annulus

contains the catalyst and water tubes. The central tubing distributes

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

r=spectively as steam/water separators and to convey the injectant to

the Valve Section,iGcated at the top of the assembly,above the hanger.

D_m_sions cf _h_ various elements are given in Tab]_ ._,to6ether with

tubings and casing specifications. The numerical .justification of the

Methanator characteristics and its calculated performance as a steam

=_,_rato_ are _etai]ed _n Appendix _ based on the physic-ai proDerti=s

of the flowing gas mixtures derived in Appendix 2. 1

mml
=no reactor hanger provides a metal/me%al seal with the inner

surface of the casing. It divides the cased well into two separate

compartments. In the upper part,the annulus between casing and water

-- " "_%- _1-" ---- _ ---- -- I _-4 _c] 4.1 ( A _--4- D_..]_ _,..itubln6 i-_ filled w_ a _'_'_w'_ _,,_ ..... '
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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 s%zes 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 the 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 t11e annular space below the hanger is

displaced by pressurized inert gas and a retrievable plug is set at

the base of the central water tubing. The drill string used to run the

assembly can then be disconnected and pulled out 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 drainho!e liners by means of hydraulically-extended telescopic

connector tubes (Fig.6).The latter operations may be conducted with a

lighter rig _han that used for drilling,completion of the vertical

well and installation of the Methanator Assembly in its hanger. An

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

presented in Appendix 2,_ogether with a more detailed description of

_he Downhole Methanator assembly and of tile Valve See%ion.

m!L r'RODUCTION RATE m_^'_

Production rates of horizontal wells or drainhc, les may be estimated

_,_ +_ _p_i=,._ _it.h the production r_t._ of vert-ic_! _el.!s

-13-



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 characteristics of the reservoir and assumptions

regarding the effect of heat on West Sak reservoir fluids within

the drainage area of each drainhole. To check the validity 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 validity of

the previous assumptions. The only merits of such a simple reservoir

engineering 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 that 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.Existing 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 reservoir performance predicted by available simulators

are often very unrel±able (see Ref.23) in the absence of any reservoir

production history. This is one more justification for taking a much
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simpler approach-for estimating the lifetime average oil production

of a representative well completed as shown on Fig.7 into four of the

6 reservoir layers (assuming that the other two are too thin to

justify their exploitation).The oil production profile rs.time for

each 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 oil production 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/l,which is representative of many similar steam

injection projects. T_e produced WOR is 2/l,which is also reasonable.

The oil production rate from a drainhole of 3,000 ft (900 m) reach,

completed with a 5 in. ID ( 12.6 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 drainholes 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 SCF/B.This determines the size (9.5/8 in. CD)

of the production tubing for a minimum separator pressure of !C0 psia.

The steam deliverabi_ity_ through each drainho _=._was also checked

to be sufficient to take the entire output of the downhole generator.

The concentric Syngas tubing and the water tubing were also mized

on the basis of the fluids pressure drops and specified as shown in

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

COST ESTIM_&TES

Drilling and completion times in Table 8 were estimated on the

basis of current drilling operations on the North Slope,with the

assistance of drilling engineers experienced with conditions and

costs of available rigs in that area. A 50 % contingency factor was

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

drilled into the West Sak (although many have been _ri!led at

Prudhoe Bay into the Sad!erochiz).

The cost of the downhole reactor assembly was based on vendor

quotes established upon the specifications of its vari©,_s components.

Again a 50 % contingency fac%or was applied to this estimate,presented

in Table 9.

The cost of the surface facilities requi _,_ =or the production cf

the various feeds cf the downhole reactors and for all auxiliaries was

derived from Bechtel data about the actual cost of the comparable

unit=_ in the New Zealand GTG plant and from v.-_io',=___,_ cost factors
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applicable to North Slope 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 S10pe and

assembled by the techniques used at Prudhoe Bay. No allowance was made

for the cost savings resulting from some of the more 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 ±actor was

applied to that estimate,presented in Table I0.

A comparison of Tables 8,9 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 ECONOMIC ANALYSIS

A pro-forma economic analysis of a basic project consisting of fou:"

pro,tess trains,and their auxiliaries,feeding e,_n_ wells _,._u_,e ._ w:

with downhole react©rs a_ __ D'--.,4:l_r_g__ _. ._.. _ % t-.t_]........ra_e ,of 65 ,000 n/_,,_.

=_," _:_)years is given i_ mabl= i! including all economic assumptions

This configuration was selected because it corresponds to world-scale

=aci'ities providing economies of scale. In view of the magnitude of

the We_t Sak, full development 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 ae.(iS7 ha) spacing for the vertical weil_.

Each of these wells is connected to opposite pairs of 3,0(30 ft-reach
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horizontal drainholes,each draining an area of 216 ac.(83.6 ha)

during the "huff and puff" period of production (Phase l).Subsequently

the mode of operation (in Phase 2) shifts to either in-filled drilling

of additional producing wells,also equipped with .flrainholes, 3r to a

steam flood,as shown in Appendix 5. lh_se production scenarios ar_

compatible with the results of the well production rates,but they

should be further analyzed and optimized,based on a more detail_d

description of the reservoir in the area to be developed.

The area of the field which would could be economically 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.l,it was

concluded that application of the proposed process may be limited only

to the four upper layers,which present sufficient thicknesses over a

major portion of the field. This limitation may prove to be too

restrictive. Producing _if__ may also be longer than the assumed 30

years.The assumptions used in calculating the Modified Internal

Rate of Return (MIR_R) may also be more conservative than those

applicable to the West Sak owners. Accordingly,a significant upside

potential may exist,which was not .considered here,in order to

purposely lean toward a conservative evaluation.

It was,however,assumed that only existing roads,ma_or pipelines

and sea docks would be used,thus reducing gravel costs to a low le_.

The gas used in the plant was assumed to be avai_ab!_= _ at no cost

and exempt from royal*y__ and taxes. Conversely,_o.. ,_redi__ ,_ was taken _o___

_ ported to other : -_ or to r par:s .-_fthe West Sakthe ,_02 =x _ _i-lds othe _

which might be operated under a C02 injection recovery process.

Despite present uncertainty about oil prices,a constant 17 $/B at

the well head (in constant 1990 dollars) was assumed throughout the 30
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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 Oil would be exempt from the increase in

Severance Tax imposed by the State of Alaska following the Exxon

Valdez disaster.

While this price was exceeded briefly dt the end of 1990 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 1996 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

factor. On the hand,the deferment of Heavy Oil production from the

kTlown major North Slope reservoirs (West Sak and Ugnu) is not without

risk. This is because the produced Heavy Oil,even after its "in-situ"

upgra_ing by 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 cef lighter crudes produced from other

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

steep rate,the TAPS throughput of lighter crudes is expected to

decline sharply and perhaps even to completely vanish during the

period 1996-2026 which is considered here for the West $ak Heavy Oil

production. In this context,it would be unlikely that oil produced frcn_

the West Sak would remain transportable over a 30 years field life

-19-
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and any further postponement beyond 1996 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 oil 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 II shows that,without

any benefits of engineering optimization,a 12 % real rate of return

(HIRR) 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 these effects may exist,depending on the oil 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 swellinL clays should also 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 oil development project on the North Slope,and the necessity to

greatly reduce all technical risks before committing the large capital

expenditures required in the Arctic,engineering 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 199C

start-up.A considerable amount of reservoir engineering work will also

have to be done during the same time period by the West Sak owners,who

are the only ones,together with the State of Alaska,with access to the

detailed information about the reservoir which is required for any

worthwhile reservoir simulation.
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CONCLUSIONS

I. The possibilty of recovering some of the West Sak heavy oil by a

modified steam injection process has been evaluated %_ 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 M_BTU/h (64 MW) per well is achievable

with a temperature of injectant (steam and gases) of 620 F ( 315 C)

4. The injectant (steam and gases) is delivered to the relatively

thin and moderately permeable layers of the West Sak through multiple

horizontal drainholes operated in "huff and puff" anJ connected to

large-diameter vertical wells,resulting in an estimated average oil

production rate of about 8,000 B/D/well.

5. Estimated costs of ali the required surface and subsurface

:acili%les were based on preliminary eng_n_ring and £nown cost

elements of similar installations.The cost of the surface units,which

-== _onventional technology,dwarfs that of the subsurface facilities.

it could be substan<ial!y reduced by further engineering optimization.

@. A simplified economic _n_lysis of a basic project consisting of 4

w_._id-sca!e proc-=s un_ts shows _m ___ -_ _ _a_ acceptable _eal rates of return

ccu!d he obtained,at currently predicted oil prices.

7 Additional work _ .......,_nclu@ing a p{!ot field *_st in a lower cos< a -_
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is being considered.
!
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TABLE I0 TA&E _Z
CAPITAL COST SUMMARY m_o.Fopmm ICO_,omc _Ju.vms _ _ _m_no_ 04, supmAce FACSU_eS

SURFACE FACILITIES SERVING EIGHT DOWNHOLE REACTORS cost _r F.N_.Cqam 0wnuC_T1oM,vn_ SAUl ASSUBPTK)_ AS 0NT_ _3

SMM vmr _ I:_¢t=ct _ O&M

_[ator Eaulnment _ _ Total coa(sm_ (_i T--) (S_e_ C.oa{_- - _ (s28) o47o (352) o

Reformer Section 165.2 140.8 2 (s2s) o_s (334) o
Compressor Section 22.0 18.7 TOTAL (I.052) TOTALNPC. (688]

CO2 Removal 17.2 9.0 cq= OA M dmc_ 0_ _cvou T_ NPr
Crude Separation 2.8 2.4 _ C_m($MM} (dLI.T.) {$MM) (-Roy .S.T) (Omc.) (SR.LT.)

3 (1_ (_ 0_ (22} 256 97 SO
Total On Hot 207.2 170.9 125.0 503.1 4 (218) (_ 0._ (23} 241 0 0

' (I1o1 (_I) 033 (lr) _o 83 43 P0
Off Plot 70.2 77.7 27.8 1 75.7 7 (s,) (46) 04m (13) _ _27 ss
Includes Desalination s o (sl) 0N.O.) o.;m (_e _s2 - _s m

Sl 0 {45) 0.23 (_ 1_ _
_0 0 (S3) 0_0 (_ _57 _47 _S

Contractor _ec_ 166.2 ,_ o (_ o_s _ _ _o
Catalysts & Cl_,rn!¢-_l_ 5.0 ,a o _) (wo.) O.lS (lo) _ ,_
Tax. DuUes. Freight - _ q _ o (_ o.14 _ _o 1__4 0 {SZ) _2 (6} _20 _14
Camp & Catering 16.9 _s o (_ o,_I (_ _1 _os
SeaWt & Module Movement 86.3 _e o (el) 0No) 0m _ _os _oo s_

7 o (_ o.m (4} ;m s2
_s o (S3} 0.07 (4) 9O 8_ 45

Total _dd Cost 961.5 I_ o (_ om _ m m _2
Er_'ng. HO and Fee 75.2 2o o (5,1) oo6 (3} 77 74 3e

21 0 (_ 0-04 (2} 74 72 37

Total Contractor's Cost 1036.7 22 o (sa) ow (Z ea e_ 3423 o (,m) o.o= (1) e5
Owner Coats 99.0 24 o _._ o.m (1) _ se 30
Contingency at 25% 283.9 as o (,=sl 0.02 (1) s_ _ 2_

;m 0 (s_ _0_ (_) 52 sl 27
z7 o (_ o.ol 1_) so _ 2s

Total Project - mid 1990 1419.6 2s o (,_ o.om (o._) .s 4s 2s
0 (_ _ _ 47 47 24

3O o _ o.oo_ (o,2I ,I ,_ 24
3_ 0 (45) 0.0_ (GI) 45 45 23

32 9 (s._ o.om (o.1) 44
TOTAL NPV - 1,300 SMM (dt_r tax)

T,A_LE 11 lE,AL PATE OF _ m 1
EC_ _ OF THE BASIC PROJECT

Assurne_ _ZS% royalty and _0_ m ras o_ W_ inca
48 % o_ ires'no k_" Slal_ & FI¢I_/Iml
_7 $/8 WH l:ncs m ¢=rmar_ Omlam
3_ (:_ m.oo.,coonaeSSOCOB/Ocompa_:_ mr.10yean
7_,p.aL_m_Iramk'om_ _m _ 32

Year _ I::_.tm:t _ O.&M.
O.670 0

(7_ o_ o

TOTAL. (1 .S03) TOTAL _: (I

o.&M) ai:.gI=. _ d,sc_o_ Tam_e N_V

: o o210 0 0
7 (_65) _9_ :6 S PO
s o (S_)_ 0.) 02I _82 _r_

, o I._3-_ _ ,70 ,Co _30 0 '157 147 7ro
45) 0.111 _48 140 73

16 (WO) 0.1@ ',39 129 6712 0
13 0 (45) 0.14 (6"} 130 124 64

_4 0 1531 0.12 ! _20 _4

45) 0 11 ___ _06 55
_6_5 O0 6_) P_V0 ) 0 08 _05 _0 52
,7 0 451 0.01 . 12 48
_8 0 ',53_ 007 90 86 45
19 0 4_ _ 83 80 42
20 0 _ 0.05 77 74
21 0 I_ 0.04 _2_ 74 72 37

22 0 _ G_ _ al (;6 34
23. 0 003 (15 64 33
24 0 0.(]_ 50 58 30

26 0 0.01 52 S_ 27
27 0 _ 001 50 49 25
26 o s3_ o.oc_ {0.3_ ,US 48 25
29 0 4_ 0._ _._ 47 47 24

30 0 =_J) 0.004 li 2) 44 46 240 153_ 0.(l .'t) 44 43 22
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TABLE 8
_'._BLE 6

REACTOR ASSEMBLY AP_O WELL CHARACTERISTICS DRILLING AND COMPLETION SEOUENCE AND PRELIMINARY COST ESTIMATE

CetilyU¢ Bed: OPERATION COST (I,000 $;
S,',_jas total flow rate > = 100 MMSCF/D 1) Auger 42 ,n.hole & ,nsta_ 80 ft of 36 _._ ,ductor pq:>e .... 25
5yngas Compos_X_ =< 3.5 H2,1 CO 2] Mol3dize/demo_.ng (Nabors 18-E) @ 20/clay for 12 days ..... 200
Vert¢_ gas flow tttro_:jl_ the _ 3) ,Jnll 30 ,n.hole to 3.000 ft (3 days @ 401clay) - • 120
Total Catalyst Volume = 370 CF 4) Run 24 _n._ to 3,000 ft @ 150 Sift ............. 450
Bea cross section = < 2.0 sq.ft 5) Cost of 4 connector _nts m cesmg str,_g ............. 40
Toted De¢l lengtt_ > = 208 ft 6) Cement 24 w'l.cas,r_3 (5,5(X) cu.ft) ................... 100
Be_ poros_ = 35 % 7) Hang Downt_e Reactor AssemO_ (1 day) ......... 20
Catalyst _ diameter = 0.008 11 8) Drdl 2 horizontal clraml'H3_s 8.5 _.,3,000 ft k:x_(12 days) ...... 600
NumDer of bed sec_ons = 4 =nparallel flow 9) Coml:_ete 2 honzontal _ (5.5 _.siotted liners + 2 clays) ......... 95
Gas pressure clrop per section = < 100 psi 10) Run 13 3/8 _.tul_ng, cross-overs, rz_nnector/valve assemOly . 140
Bed discharge I:_essure = 2,575 psla 11) _ 11 3/4 _.tubing (36 $_t + 1 day) ........... 128
Bed temperature =< 800 F 12) Run 9 5/8 _n.tuOe'cj (31 S/ft + 1 day) ................ 112

13) Wel_heacl (w/metal/metai seals) .......................... 160
Wirer tubes lyltem: 14) Chc_-tmas tree ....................................... 110

Total _ water rate = 168,000 #/Pi Tcxai ..................... 2,300
Number Of unit 13unales = 8 (2 per bed sect_n) m I_railet flow Costs _tc_ude: mud, drillircj tools & bits, cement, tubulars, ali freight
Numl:)er of tubes per but_lle = 82 =n i::_rallel flow 15) Contingency factor (50 %) ........................ 1,1SO
Tube length = 37.5 ft (in helix) To(al, incL contingency ....... 3450
Tube OO = 5/8 inch ;lD 1/2 inc_
Bed volume fracbon occul_ecl Dy tulles = 12.3 %
Tube discharge I_essure = 2,625 ps_a
Tube discharge temperature = 675 F
C,¢x_in_j water temperature at ruDe _let > = 400 F

TABLE 9

Injectant per well @ 9(I % ¢onversio_:
Reactor effluent temperature • = 620 F COST ESTIMATE OF REACTOR OVERHEAD ASSEMBLY
Reacto¢ eff_ue_ pressure: 2,575 9s_ INCLUOING CRO_S-OVERS,CONNECTORS AND 0OWNHOLE VALVE SECTION
Tot:= irtlected steam:223,000 #/h (@ 100 % quality)
Injectant volume:t52 MMSCF/D

Iniectcompositlon:steam 0.744,CH4 0.211 ,H2 0.039.NH3 0.004,C0 0.002 RAW MATERIALS:

_tem i_ C,_l (i,ooo S)
Charactedstlcs of Tubular Goods Outside Reactor Assembly: 18 ,n.O0 Ouu_ l_l(0.4"wa_ Has_loy C-22 @ 9.95 td# 25
Item O0 (in.) lD Drift D. Coupling OOSteel Supplier Low_ Cm_-O_ S_on Ha=_loy C-22 @ 10 =/# . .. 10
DraJnh.Lk'_" 5.5 5.0 N.A. 5.5 L-80 Hyclril TMn _ Se¢_n(7" 00) _ 321 H @ ..... 10
Pro<::l.Tubing 9.5/8 8.921 NJ_. 10.141 (VAM) L-80 VAM valve S4K:IX_ (90 ft,5.5"OO) _ 321 H @ ...... 20
Gas Tui_ng 11.3/4 10.772 10.616 11.9375 L-80 Hyanl _ cm_-o_s.c_on _==_oy C-22@ lOS/# .... I0
Water Tul_ng 13.3/8 12.347 12.191 API L-80 Arty 1/4" Hy¢lrilMl_ Laltl (_.000R) Slm 3104@ 1 _ ...... 9

Casa_ 24.5 22.5 22.5 API X-70 Mannesmann 300 tu_ng c_mpe Staml=_ 304 @ 20 ea .... 6

S_mcal raw tr_e_s ........ 90
Characted_l_ of Tubulr Intemah= of Reactor DESIGN,FABRICATION ANO TESTING: ....................... 500
Item OO (in.) lD Alloy Supplier VALVES.INSTRUMENTATION AND CONTROLS:
Reactor _ 21 20.2 Hastegoy C-22 Haynes Int. 2 Downtm_ VaM_ ................................ 45
Water Tul_ng 2.3/8 2.0 icl. _1. _ Synga= Feea Contro_Valve ............................... 5
Gas Tubing 3.5 3.0 icl. icl. 4 T_mperatureContr_l_= ................................ 10
Steam/water Sep. 5.5 4.95 Croloy I"P 321H Babcock 4 w=_ L_ Co_o=_ .................................. 20

In_'tant Tul_ng 7.0 6.4 HastelloyC-22 Haynes int. _ Reacm_ Con_c_ C<xnput_ ................................ 20
Assem¢_y anO Testing.................................... _00

Sul_=_ _ & Con_o_ . 2OO
W_r_o_ng _ Fre_. ............................. 50

CONTINGENCY FACTOR (50%) ................... 420
TOTAL (In_._) ....... _.260

TABLE 7
RESERVOIR PAJ=I,MdETERSUSED IN FORECASTING OIL PRODUCTION RATE COST ESTIMATE OF DOWNHOLE REACTOR ASSEMBLY

WEST SAK UPPER SANOS RAW MATERMM.$:
Tyl:><:_Del::)_:3,5_O ft Pe = < 1,Bl 5 _ Til = 75 F Item MM4¢t4d Colt(Gulf Coast)

(1,000 S)
Fractur=r_ Pressure: 2,815 _ 21 in Reactor _ (250 ft) Haste4oy C-22 @ 9.95 _# 243
WEST SAK LOWER S/d_DS 2:1/8 Watw tut:_g (250 lt) _ C-32 @ 153.5 S/ft 38
Tyl:_.al Deotl_: 4.000 ft Pe ,=< 2,000 I_m Te = 75 F 3 1/2 Gas tul:>_'_(250 ft) _ C-22 @ 233.5 $/11 . 58
Fractunn0 Prll_lt_urt:3.215 I:_a 5 1/'2 Stearr_water Sep.(250 ft_ Czoloy TP 321H @ 64.7 M 16

7 =rl.lnlectant_ (250 ft) Ha_eloy C-22 @ 5_ _/ft 149
RESERVOIR FLOW P_ 5/8 _.Water tuOes (25,000 ft) C_oloy TP 321 H @ 3.25 S/ft 81
Qot_>=SQov fo¢3,000ftr_(Ret.14) Th_eadeareac't_hartg_/hea_ Hastelloy C-22@105/# . . 41
Oov = steady m ra_ IIow ram _ a _ w_! _4 reactor un=tneaoJ1_ Hastetoy C-22 @ 10 $_# 388
T tnlectant = 620 F T iv. = 3475 F Reacto_ 0ase Haste4_f C-22 @ 10 Sd# 20
P sep.>= _00 _ Methanation Catah_ ...................... _,000
E_wnal radi_.= = 1,500 ft Sul:Xota_Mamrmls 2.034
W_l ra_ = 0.229 ft DESiGN,FABRICATION AND TESTING ..................... 2.000
K(mO) _(It) _(%) So Kro Krw K_g Bo Bw po(c_i_wpg(k_.)
150 30 30 >=60 0.9 0.09 0.6 1.4 1.0 1.5 0.14 00238 Wa/er_0_,a'_ ana FreN3t_ ..................... 200

TOTAL DIRECT COST 4.234
TUBULAR FLOW CONTINGENCY (50%) ............. 2.1_7
K.E.B_own's Pressure C_'acMmtCurves for l"_or_o,r_,aJar_ ver'oc_ flow TOTAL (m(_.¢on'ungency) 6.351

EQUIVALENT STEAM VOLUME FOR ESTIMATE OF EQUIVALENT SOFt:
(To*a/_ ram - 20 % neat _ io over_Oen) t _ o_

70 % qua_ meacn)

223



TMLE I

TMUE I

Dolntm_ Fl:llel

Ho_ Ind MI_ BdInm PI R/_rmIr FurnIm

mWTwo
|

,..__ ,,,__-
_ Emmm _ _m.Im

:144- MPH 1S70.3 7012.4 O.O ?0_2'.4
C2141 0.0' O.C O.O 0.0

03HI 0.C O.C 0.0 0.0
041410 0.C) 0.@ 0.0 O.0

CSl,41q 0.• 0.@ O.O 0.0
(X_ 7M.4 li.! 0.0 11.I
NI 71.1 71.11 O.O 71.1
(31 0.0 0.0' 0.0 0.0
0D 4741.4 0._' 0.0 0._

141 17193.3 804,1 0.0 104.1
_lO 11.2 1241.2 111S0.1 241_tl.3
TMd - MPH 211H.S 14112.3 10650.1 32842.4

_:am 7O40.1 7041.1 0.0 7Mo.1
H m 42304.4 42304.4 37300.: 71444.1

O lllwl 1272.4 1272.4 11110.! _4122.|
N IIiim IS3.1 113.1 0+@ 153.4
Teld - Whr 23044_ 230042 331_44 $44043

Ceed1_m
Temp - 0q F 430.0 100 17 q 730.3

- Afm 11S 180 11@ 11@
MM U -34517 -t17.31 -1744.SC -2431 .tl
ol. 4oo_ .,_14:

oo_
mIem_ad_ 2.0_
147.J¢O 3.71

_ O.O04a 200111

o_...o_,.I
DIII T SMR - OeI F -20.0 ....
GI_ Temp - 0eg K 710.9
OdmT W_- DqF -30.0
E_ TemP- Oeg K 710.1

K-WGI 1.11
K - SM 0.00047
K- lkxJdoumd 3141
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TABLE 4
TYPICAL FLUID TEMPERATURES IN CONCENTRIC TU81NGS

Conlrlg Syngall Wltor Woll
Produclfon IntermocL Outer Cuhlg/
Tubing Tubing Tubing Cement
S_aco: 3_0 F 300 F 100] = 25 F
Bo(torn: 5_0F 400F 300F 125F

TAILSS

Sudl_ Flditi_

Hoallhd Mul bmaco Pot Rlgom_ Rmmm

S:._m;. _...;.. s I _ 3 4 S II II 7 • 0 _ l
__:::_I r__:_ .----r_. C._RI':;.'_:_ _'-:__. r .... Eli n--Ore GabON _Sm. _ , uu_._

_% H:O r_eo Gm

CHi-,IP_4 78.7 0122.1 ' 0.0 0., 0122.1 1S70.3 1S70.3 1S70.3 1S?:.: O.q 1SN._*, 314.1 O.O O.C 384.1 O.I O., . 0.t O."
3 1S3.1 O.O O.I 113.1 O., O., O.( 0., O._

c,w,o oa z3.a o.o o.a z3.a o.o o.a o.a o.o o._"
_Z o.ooe o.© o.o o.a o.e o.e o.a e._ 9.0 e.?

13 021.1 O.O O.| _! .I 20$4J 2054.3 20$4.3 _!4.5 O.O ?M."
Ne 1 ?i.l 0.O O.I 71.l 71.l 7i.i 71.1 ?ii.I O.O 711,*

O.I 0.O O.| O.I O.0 O.@ 0.1 O.0 O__J
ox) o.a o.o o.a o.e ,w41.4 4741.,n 4741.4 4741.4 o.n _4s.-
Hl 9._ O.O 9-I , O.q 171_.) l?NS.3 171_.: 17N_.$ 9.1 1_1tl3_?
1410 O.(J O.Q 1873_.g lil73_l.(I OTrJ.O OT_S.I O?2S.lJ 71.3 _a___ed__.I Til,*

T41O- _ 100 711i4_.3 ;:: lg?n.| Z4414.3 _)11112.0 31141_.11 _NI1llnl.ii 1111111.4 a__au__.| _i_1_1 Ec m _.q o.q o_.o -*-__.o _.I _--_-.e -*--_'-.I o.o _.1
H -- : _&_i.! O.Cl INN.! 11711.1 1191t.i 01711.1 I1711.1 41411.1 II:MII.I 4,11411_-

"lr
N m I1_.(I O.{l O.I I1_1.il 165.6 1S$.ql 1S3.g 113.i O.O 113 _

To_I - #Rw 11104111 O1 301441 46209 4il2gSl 44_Lq_S 44i20$S Z1_1191 17'_-s_-_-_ |$1071
Cow4lam

T_ - Oem F _i_l_.ql 3"_J.I 441J 10410.0 10_4.0 1000.O 3SO,O 100.1 _O0.O 100.9
- Aim zm s1 _0.34 _4.IM 24 14 23.44 22.74 22.14 21.47

MM _aAv -30?.S3 O.0C -IS|7.? 1 -1743.13 -1032.27 -1222.01 -1419.04 -S:P9.27 -1130.31 -311.27
_l_lH 1S1._ 111 34 -190,_4 - IH.4_P -2ags s
ernmWcwtin 0.00

3.7115 $.71P 3.79 :1.?11 $.79
[1_ ...... _._ _.=IS ;!.31 _._S $.t"
hudnM_ P_b 0.1_

Dldla T_MR- D_ F 1S._ I_ au_ I_ O.CK_I
r_ Tta- ONK 1144.1 (X_ und Ilpm_hn O._?
Dols T W_-m- Del F O.|
E_ Tta- _K 11S3_
• q_n_ cemwum

K- _wJ_ 0_0._

_- _ _ o.o_
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TABLE 3
RESULTS OF SAND PACK DISPLACEMENTS OF WEST SAK OIL WITH VARIOUS FLUIDS

M.W.HomOrook st at.
19 API West Sak od in Oklat_ma No.1 flu,,cltoss con_ot sand Dace:

oy Sto_'n/C02 rv_xt_os @ 1,690 i_.ccmstam vo4_owrato

Run T CO2/otom S_ Sgl Re¢.@ 3 PV WOR @ 3 PV
No. (F) (moVmo_ _) _) _) (B/O)
1 660 0/1 89.1 0 67 4.1
2 660 0/1 77 5 11.2 32 13.6
3 660 111 88 0 74 1.4
4 660 I/3 89.1 0 80 2.2
5 660 114 90.8 0 80 2.1
6 570 I/3 88.1 0 80 2.2
7 572 114 89.9 0 73 3

K.Deghar'J st al.
19 AP1 West Sak oil cl_piaceme_ in sand packs:
0_ptaceme_ by Stearn/CH4 mixtures @ 600 F

CH4 in CH4fsteam mixture Ultimate Recovery Improvement
o (pure steam) o (by _,_n)

20 % 12.5 %
25 % 10.4 %

A._Shan'na at ad.
19 AP1Weat Sak c,I in 12m Slm tubes packecl w/Ottawa sand:
[_4Y,acecae_ by NGL or C02 at various ¢orx:Btionl

Run NGL T P UILRe¢, SIgM InterpNretatJon
No. (mo4 "4) (F) (psU=) (%) GUms (wrn comp. mod_
1 5.0 80 2,500 39.7 2-phaso Invniscitm Asc_.Pm¢.
2 5.0 80 3.500 63.1 icL id. id.
3 17 6 80 1,900 73.8 icl. icl. icl.
4 176 80 2,350 74.7 icL icl. icl.
5 17 6 _) 2,500 73.6 ? id. id.
6 17.6 80 2,775 75.3 ? icl. icl.
7 17.6 250 4,050 54.7 2-pha_ icl. icl.
8 35.0 80 3.500 78.1 1-phase MCM ?
Dtsp_cement by CO2:
1 100 1350 45 2_ _ _.

RA.De Ruder st ai.
18.5/_01(_ A) and 14.0 API(oil 13)West Sak oas ,n 6.1 m srm tubes
Nn runsexceptthosew.n pure (32show as_ ;xec_

', A'wem&,e vokamedGI nreekthroul_, Otl
Ptessm J Veloclt7 [aJecte4 r'_I,_ I_ Remt

(ps_ i {ft/dr_ 0rr_tion _ r% Pr)
Etlmne

2000 13.8 133 85 97 3 miscible
1500 9 5 1 21 78 96 7 miscible
1200 23 8 1.72 65 94 8 miscible
725 143 123 70-80 943 miscible
433 13 6 I. 13 40 70 3 Immiscible

• 2000 1 3 1 20 86 93 7 miscible

2000 ] 168 I io6 i 32 l 4ss l ,_misc,ble
ethaae/__l_-ehmme (3S134/3_ me_e '.d

,s2s I =35 ] L.23 l 86 ! 1007 1, miscible
Methame/nCUmme/l'rolmme/N-Butame {_ mole % Meta,me}

2000 13 1 1 25 75 96 l J miscible

1500 13 5 l 39 83 97 7 J miscible1000 11.6 122 73 95 0 .... miscible
Methlme/Ettume/_e/N.Butine (42.8 mole % Methane)

2000 8 3 I 22 78 93 5 near-mlsclble
1500 17 9 1 23 82 87 0 Immiscible

Methsne/l_Lhane/Pfopam4/N-B_ttane (81 mole % Methane)
2000 17 6 120 [ 68-76 84 2 immiscible
1500 142 I 26 [ 78-85 883 immiscible

Ali d_splacernents pcffocrn_ with Oil A except displ_erncnt rna.,'kedby "

220



TAmE 1
OVI_I_LL REACTIIOMBAJMONF_ATJUU.AI_

Smll_J_l__ CH4eHIO -* SHt*OO
CO• H'_O*-* COt• I_
AT IN *C • B ATM. OUTLET

EIMOOTHERMIC• i IIITU44R g

3H2 • CO -.. CH4 •
4H| * COl -* CH4 * 2H_O
AT S 421 *¢ • lM ATM.

EXOTHEflUC • 221 limllJlm PElt

TABLE 2
PUBLISHED INFORMATION ABOUT THE WEST SAK RESERVOIR

OOqP: 13 to 25 x Bion Barrets
Areal extent: ca.300 sq.nvles
Oil Gravity: 10.5 to 23 API
R(_=4x'_4)irdepth: 2,500 ft tO 4.600 ft
Reservoir temceral_: 45 to 100 F
Number Of separm layers: 6
Thickness of eac_ layer: 10 to 50 ft
Average porosity: >- 30%
Oil _ : 60 to 70 %
Ty_al _ : 1S0mcl
Ue_oW: fine-gra_ c_,'_Uc st_ _. vm'y_*_e. some
sweak_c_s. G_u:or_. ScSe_ re_¢x_:L

Cham_edstJcsof oilumple,:
P_.s p_ (oaA) (oa B)

APi gravity: 19.2 18.5 14.0
V'scosity: 35.4 cp @ 80 F 256 @ 75 F 5,392 @ 75 F
Sok,nJonGOR: 210 SCF/STB 167 @ B.P. 126 @ B.P.
Bubble poa'tt: 1,690 I_ 1.318 psig @ 60 F 1,234 psig @ 60 F
Oil FVF: 1.069 B/STB 1O53 @ B.P. 1.035 @ B.P.
Gas compos_: 98% CH4 N.A. N.A.
C21 + fraction: ?,8.82 tool % 69 w% 85 w%
MW: 455(C21+ frac.) 330(Oes:Jo_ 446(UeaOod)
Sulfur w% 1.82 103 1.39
Asptt_tlme w% 2.8 4.9 4.8
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APPENDIX 1:RESERVOIR DESCRIPTION

i. OBJECTIVES

The main objective of this contract is to evaluate the economic

viability of a novel Heavy Oil 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)

I.I_BACKGROUND INFORMATION

this reservoir_of Cretaceous age,is estimated to contain 25 Billion

Barrels of heavy oil 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 Permafrost 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.l (Panda et ai.,1989).

Six continuous sand layers have been mapped:the Upper Sand No.l and

Upper Sand No.2,separated by a i0 to 40 ft shale interval;the Lower

Sand No.l 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 No.2 by a thick (50 to i00 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.l 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
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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.lt 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 Oil 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 I00 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 ai.,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.
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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

oil 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.lO)indicate that E.O.R. by steam injection would

be successful u_der normal circumstances.

The heavy oil 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 i: Index _ap shoving =aior petroleum flelds in northern Alaska
A



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)





APPENDIX _'DESInN OF THE r,nw_j,nTr _,m__

Con*ract. DE-V_.._0 I_-£3_ CE 15_46.

.... <,N <-_ HEAT TRANSFER FROM CATALYST TO F,,U!DS I4 TASK Nc- -_.D_T_RM__. -.:TNATT_ __ _' N

'TT_TE DOWNH,]_E METHANATOR

4 1 MAIN C::_2_LAbTmRTST _e• _ ..... ._ _ T_o £F THE CATALYTIC REACTOR

in i-s most ,=on,/enti,=nal form,the catalytic reactor consists of a

verti,-'ai_ fi_,/.._med, ,traversed_ by t_.:_r_acting_ Cvngas,and. cooled by a

set ._f_water t''_-==,_-,____mmersed in the b_d,constituting_ a once-through

boiler. The steam and water effluent from the water tubes is then

-__oa_a+_,_ T_= _ot water mix_=d with ._-_-up _,_oli_g water :s ,'_cy,21_d

, +--_, from <Le separator is +" - _....._ " the l_._._ _l,.-_win_jT):e s ....n _n__n fi__.s..... into c,+ gas _

....+ _" the catalytic bed to form the ir.je,-t_d effluent This ._.ixt_i_= .-;

,j,-.w,-}:-:= v_lve=,f,'om +k,_ D,-.w,_}',___ w.=t.hanat.-._ t<. ,--,,-= ",f _-:-_- },,',_:" '_*:-'

, . . _ m _ ,-.._ .} 4-we__= ,:onnected to the _ar_e d- .... _ ",',:__ : ......._ .. = ......

U::,:,wr h,:: l e Metkanator.

,..: ...... C.=;I_. :l,.'-. _C_R ,-__: ,;r,._.........t-__..<. _" _ .... ;,;i-t" _ r: _.£" ,.'_:'='i...... ,:_'.. h _;&_' "-t,''_

_}:e ._atal)'st _e_-,-'<i._le/, .:>__,.,-....... t_-,=.._."-,..=e. -.__. -',-_,+ : u 's i_-n,-z"=+=__..... ,mmkirt{

- -_,* ,"}-,_-_. t m-,,je_;-.t.e tl-e ._* =; ";st -=_:,_ .... .e.tu,_-.2-1' .k_. _..._,=?_ -.f _-.-.:,--

frorg.,, -m,= , ,om_ -- -- t?_ ':,w _" _Ri.... extel-.rla' = su_-{s.ce.... ;,£ :._:.e -'_¢a__>'s + 4-_ l _, , ' =l 4 r_



surrounding t_'_'n;._.=_'the, transfer ......,of _,_at {r,:,m the catalyst bed t,__the

wa[,er *ubes immersed in it.

In order to analyze the heat transfer mecha:_isms involved in the

c,-ooiin_ c.f the catalytic bed by these two mechanisms,it is necessary

to establish firs_ some of the dimensional characteristics of the

re ac t.],r.

4. I .I- _' rT,_ _O_<,ME OF THE CATALYST BED

For the prescribed feed rate of !00 MMSCF/D of Syngas,of

composition: 3.5 H2,1 CO,the hourly volume of reactive feed is:

(!00 MMSCF/D)x(4/4.r 24 - _ ..,) / h/D 3. ,0 MMSCF/h

A typical hourly space velocity for commercial Methanation

,tara _- . .... _ . ,._yuts ,-perat _ng _n the +_--mp,=rature range of interest :550 F to

8C0 F)with a stoechi,:metric fe_d (3 H°,l CO) i_: I0,000 SCF/h per

cubic foot of catalyst bed.

Consequently,the volume of catalyst bed reqL1ired is:

(3.70 MMSCF/h) ,x (_0_,000 ,._eCF/h / CF) - 370 CF

4 _'REACTOR _'"_vTGUB:AT!ON A REVIEW OF VARTpUS _ ..::,.:_:,L= CA

:h,_:c,=+al <' .[,ed .:-_'c.nfi_ur_ti,tnis a!w__.ys that <_" ,= _:_!iniri,_'_

,_-,.ss___section (i.._r"t., ....5 si . t .

.ei._-/ht <148 to 247 ft).

i:. :.rde," %o _<se:r:b _ ......... ._,> : _ %h...... _ t.':le -"_-,.t'._'l _s _iq ] _ - !'U!I " i Z_ ...._., "k W_ __1 ,

._.:,_a!_-,._:-'_- %o eve," i ...."'_,-,r= f ]_e__ht_- s:: - e ,::_v Ld,i-di< _; _ ............:, _ _

dri_!in_ and :omp_eting The "'=rtical well and _ =ss=,,-[at,_A

b.O c i s ,:,:_.<a I d ra i nho I e ;},.

Each section may also be divided into several uni% beds.Each
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unit 15 cooled by its own set of helical-wound water tubes_all

l .

connected in parallel.Each tube in tn_ u:llt de!iv_rs at __e _

mixture of steam and hot water to the unit vertical steam-w:]ter

separator. _he water feed at the base of ;each tube is a mizture of

hot water from the separator with a make-up stream of cooling water

Regarding gas flow,the beds from v=__ous units

may be __unne,_,.ed in paral]=l being supplied from a common

3yngas feeder tubing,and discharging into a common collector

space, into which the wet steam from ea2h unit separator is flashed. The

main purpose of the pa,ual!e] connection is to reduce the pressure drop

across each unit bed. This is necessary if gas flow through the beds is

vertical (/pward or downward).In the case of radial gas flow across

_he,. _nnular seztion of th_ bed,howev___,the pressure drop ._s small

enough to give each unit bed the total length allowable for each

sect [on.

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

==rouped in pairs,with bo,_h units in the pair connected in

s_r" es 4,-,. =as 9" ow and _n para] _el f D- water =] ow

TLis temperatu _._._control process, ,__eveioped by A.._-_uss _Ref, .3_,'.....I_O7= ,..

fc,r ._.utot.%erma] reactors is based oi,r:the adjustment <,f the _....ed gas

em::e-%ture for the second unit in the =_. r by mix:_g the _-_=_uen _

............. __r Syngas fe_d. Tb.is provides :_ f_st _-

-_/.e ;" _ - _ ' .- __.. _ _ " - " _., -uh },ut %,o-_h- .w :,'-_-. " __ r-,_ oo_ {-,Z wr_ _" maze up _n +}-e es,_

" _'_: _- ._',-, - -_] _r:<,-,tr-........Is _," %-: usei s_:,:_=,_.....___s .v ........:c,-sed rea,__+o _'=,su _,_=.as thcse

s:,,.tsidered "_,_re.

i-,,:. ,._. .......... .,t_-'r ±_f _.[e:-_L _y -ce i_. ":--9_:_ _ ='_'--' * _'- %-''--_-_

drai ,-;_,-,_=-- _:_it'-=- +_--_-"_' _= ho_t_ e:-.d or t. _,-.-_=h _},_ .,-_n e'-d
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"-_.,_=_,._"irst- _-as=_.the horizontal drainheles are cc-nr_,_=d•........t, _;I_._

-z_rt_ca! _as_ng.... by means o _ _ cenventi_,na! J,__al-t"_n__,i pac.."J_....,-

In tb...:second case,they penetrate into the vertical casing =hr,:ug]-.

_i-. -_ T- ._*'-_ se ystem of surf_,_-_,-_ __ed : _l.._,_.wS ............ a ,._ s .......... _r,Dl_ retr e-,-£;__ _

_'a_,ves,lc._..t.:d at :-_-= Hethanator <_u_!e,.,_llows the efr 7''_ _ ....

sw'tc'. _ _,-m, :,Le drai:-,.ho!=_ _._.the_ other,_.,.._',_-c:]nve_:-_-_.ly,a!'ows, the

_ui_s pr,-._Juced from the prev_ous!y injected drainhoi_ to he sent to

the _r,z,du__tion _,_-___..g( 'hu:_f and puff" mode of steam _njection) .

" =low options ,zonsid_red Fig 3 I0 "ITo illus-.rate the various _ , , ,

__. := =_,ow s z,:-_..,a*icaliy_ the _=low distribution of Synga=.,water and

.......... ,.:ro_igh .__ w Methanator assembly, typ{ :'ally composed

._f ,_:_ur sections, s%a-'_'-_d _=,ntop of one another.

_:-__i-.S,eaLh_ _ section is _=!_*,w:_.._to consis +,.of a .oai__ of unit beds i.u

_ -_,__ to ,..._ ,.)'pe _: emperature cs,n.rol described in Ref $I

_:=u _=_- '3 -na I} p.-rtain to v_-t_cal flow ,:_ gas through the beds

uvward ,:,rdownward) .

m:gures._ II• and ___ =__rt.-_in to radial gas flow through the b_.,Is._

'_"- _ " _ _ ' connec_=d in parallel _,_._-._:.m.:.- water __-,_-- in =a,-h _r-it are always .. -_"

,.0 :dr_l _ %o s<,_ _ _ ._'e _ s,D

- ....,_ " "" " _.......... _I _ni _sz: ..... ,_.._-:- _;.. _-r.:-iiel,giv ng greater ',_{_,-,_ity _ _ - ,

b'" _'-i:uiring- _hat the co,_.lir:g water _ubi-___. exteni "o _-._._'--_,.__.,,,_._"

_" -_ _ _._i_ '2"_S'_ _. £._ b -_ _ ,_1 .:.$z_;.he Hetnanator asa_mb_y ev-_n in "_ - ,_ r_e, '_, _. u _ _ ;.i ._--A t _. S 'i". : a

'm-_ 9 and _.11 Thi= ,-_ -,..u-,-se,reduc_s the =,'.-ss s_:_'i ,. .-" --"-;. -_ "_

bed s

..... -, . _ . _ .. ..: ........ "y %i -$m ._ect.-,Dn

,-"i _=.- " _ ,__ ' = oa, _....... _y __,z,z=ssi__=___ -" +'_,____..... ._oa the t}-.,__mu,i-f:_ .i_nr,ula __ _ _e ,-,__.

...... : _r'- i ,'od:.LcSi._ n * ""_ - _: .%'-ai:-e__

the _,'_-,_r..:_ ,-_"_- m;,_-'_,mp_ex= conn,ecti_n (wind_:,wed casing) _,_tween__ -'<_,._

-4--



ver_i,za_,, casing a_,_....t:e,,:\oria_ntal Irairholes For _h,= same res_-,rv,:,:r

depth, it also requires a _00 ft deez, er verr:cs! we _ ,but t}:e

unavoidable heat losses through the casing, :djacent t,:,the reac.--r. ::,'e

rh.en _ontributing heat %o the oil zone rather than to the ,:',,erl--,,yi::_

sha" -.

The bottom end d:scharge configuratic.n requires _he valve se,-t" :n

tc be located at the base ,of the Methanator _ssembly,with access _.:,

the valves only through t:':e production tubing.

The radial ._Icw con_igura+ion__ (Fig. ,I. .and !2_, provides a very low

pressure drop through th_ _=!atively thin annular bed,but makes the

bed temperature c.:,ntro! m_;,re difficult,since the reaction rate must be

zontro _led over a few inches of bed thizkness,rather than over about

_n all cases,the Syngas feed ._s p-=--_,_ated._.._ _'irs*__by heat. _x,_,an__._ . .=_

'" _ " =luids,then by heat(in cour:ter-c._rr,_.n_) against the b.ot produced =

tran:f.er fr:,m the bed,through the reactor she': ,and,finally by heat

exchange wi ,_...the .:_than:t.or....... effluent thro,,g_. <}:-- <v_.n_gas feeder tubi'.g

7<nversely,_i-,e .._,,<:,in_water is als<.-,p,ce-Leg.te,i by ]]eat e;<chang_-.

_r _,..........._:_._ w:_'-',,._- "_ li _-,_s ;_rom which it is separ_,_e -]__ by :: tub::L@.

w__! " , s::ccessively Syngas ,and produce.j f i ii is .

I: is clear that pre-:'-_eating the ,_.,;.;,iin_ w,a:_:.- fro::: an external

L,.;:at so_:rce, such as the i:>ro.!,_ce.i f_'.Ji.is, results : n at. increase ,_,t i}:e

This quick ,_cm:ar:tive !o,.:,ka- t}:e v:ri..:.us ::ses sb.,,,ws th:t ll-:ei:"

relative merits and __,?sts must be eva!..:ateJ ,:u:n%itative!y in ;ri_:_ t.-



optimize the configuration of the Methanator assembly.

4.3-DATA REQUIRED FOR HEAT TRANSFER __LATIONS_,,_,.

_h_ c ient f heat *ransfer from the particles o _ a ¢ixed

bed to the gins fl-._wing through the bed,3nd the coefficient if _,.ea_

transfer from the bed to the internal water tubes or to the feed gas

tubing or screen in contact with the bed can all be derived from

published correlations, based on experimental data.

The variables in these correlations are respectively"

-the Reynolds Number" Re - v. Dp. _f / _f,

-the Thermal Conductivity" Kf of the flowing gas phase,

- the Heat Capacity" Cp' of the _ca%alyst particles,

where" Dp is the .catalyst particles mean diameter (ft.),

v is the superficial velocity ,:,fthe f!_-,wing gas phase (ft/s)

-- _(v Q/S),where Q is _ne gas volume flow rate,in ACF/s at the

reactor conditions,and S is the total cross-sectional area cf the

catalytic bed (sq.ft),

- '*/f_-.s)_._ is the fl,:wir.g gas viscosity ,.- ,

_'f is +.he f!cwing g_s specific gravity (_/CF) at reactor

c-_ndit.i :,ns.

When Kf is expressed in BTU/h.ft. °F

and Cp is expressed in -.,_,o/_.

the heat transfer c-<,<.ff"_ien<s hc will be expr-:.=_sed in

D TTJ ,'1- "" ._. /.,.sq.ft.

The !-_,'i_-ati._,n >_ n=,K ," P_ is given _r_ App-r_dix- _ 1 _,r tb_

following typical conditions

<,yn_as feed ,'_te lO0 _'4c_,.'D

-Bed _o_= sect_ " :' = and _ == _,3nai a_=a . sq =....... . .:t ._. 5 sq._t

6
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-Inlet @as ccnJitions' 620°F,2,675 psia

-Outlet gas condition_ 68n to :_']0°7 2 57 _

The values of Re are _!zo giver= for the ._veraie val es of these

parameter_= :_nd fcr two sizes of catalyst particles

Dp - 0.004 ft anJ Dp - 0.098 ft

Ac,-ording +',_,.R=_..__.37 (Z-:ns and Othmer ,11960] ,the heat trans=er.

coefficient from bed to water tube is maximum when the ratio of

particle diameter to tube dzazneter _s Dp ,_ 0.15

C,_;rrespondin_ly,two water tube diameters were considered"

Dt - 5/8 inch and 5/16 inch O.D.

For the pressure and temperature conditions -_onsidered,the required

internal di =-_-_-_..,_,.-_rsof the tubes,for commonly avai!abl=- alloy steels

are" S/8 "nch and Z,/l@ inch resp_ctive!z

Th _ _=ults are given in Table la

The Nusselt Number,Nu, which determines the heat transfer

coefficient,hc,_rom the catalyst to the flowins" 6as is defined as"

Nu - ht. Dp/Kf

r,_,.,___.... ,_._i:r:_si_,_i_ss.. . numbers and dimensi._nal p_ra:netecs involv,-.-,___ i. _-

___ -" _ ht' Crcm ,_h _" k_,i to th_ex_ressin_ the }]eat trans _._ ,soeffi Jen,. ........ _

external su.cf_-e o "_ t,he water tubes are"

6 - void fraction in the bed. A representative ";:_,.!uef>r fixed "=eds _s

E - 0.75

•.rf...,.Cp._f) ,where Cp is _-,-_........'_--a'._ 2_L,_city ,-,£__ the . ,_:w r:g ==a_-.:%

•-_presen+=%_,,'e. ,__ _ v_ue__ is _-_,=.- 9 '•avera==e..-.':oi we__=:_t_ ,f {as) ,:_'_,in :us

• _o- 9 '_ v I /2] - :-' '-' " ",:aze ,_ L( 7V + 2 7_ o, _, BTU_#. _ _r;seq,ien.ly

"' '-_'5t - _ 9496 -"i._*;:_Kf/"Co_ . Pf) - 0.0929 / (0.378 x _ .... ,-,. ... '

gp/Cs ,where Cs is the h_=_t ,:apa'ity ,:-fthe _-at__!yst p_rt_c'_s.A

r_preser, tat: ve value is cs - 0 _ Dm.,_,_ om ,-'- - - , 0r_• _ ,-,: _/ -. _..'_'-ns'k_:'S _t Y r'P/CS : _

"-_ _



-, ° • m •f 'rp wh_re Le iz the specif:c gravlty of t:qe catalyst particles
,, _ |

A r=;resentative value is 200 _/"CF

4 4_,_^T ,':'7^ . " .• ___,_,,_TION OF HEAT TRANSFER COEFFTC_ENT FROM CATALYST TO GAS

Zenz and '-:*_-,_r Ref 37 1960 }lave comp: "cd va-ious experi,:nenta :J-_

for particle to fluid heat transfer in the form .of a set of curves

correlatin_ the NusseSt Number versus the Reynolds Number,for vari:,u.:

values .of the void fraction E(see Fig. 13).

For 6 - C.S5,the range of Nusselt numbers corresponding to the

_v,ou= ___ermined r_nge ,_:fReynolds Numbers :from Re 585 for

S - _........5 sq ft to P= - 1950 for S - 1 5 sq. fL) is"

- Nu - fr,-,m =._,'°0 tc, 2?0 =.or_ these two cas=--_=,respectively. The

corresponding values of hc - Nu x Kf ,,'Dp are"

- _;r_m :_c - b ,186 B_/h. :--q. t F f<,r_ S - ._o.5 sq .ft _o. hc - 3 ,251

BTU/h.-:q.f-. °F for S - !.5 sq.ft.

The t ,ta! external s_rface area of the catalyst partic]es in _ach

s_,-,_ion___f _._ Methanator is expressed by"

8 x L x (I - 6) x t_./Dp) - 487.5 x (_ctal bed volume) foL" Dp -- 0.008

"'"- "-_" J_,_ "z,z!ume,given in 4. _ a_,sve io:;-- _,._al _- _ '' ' - ?.70 CF _-,_.wnsequent =y the

_._taiyst.-_ su_f-a,:e_ in =a,ch..s=:ticn iz" IB!).,.375 sq. =-. ,/ 4 s_c_ .. - _5,:;'_4.._

:.q.ft ,' section for Dp - ].008 ft.

,_orrespondingly ....- "- _mi heat _ra:-_sfe_ - _. r-=,_ in :_.:c'.-,..:ft _ :,u±"

._e:t: :..nsof the bed to L?:_ fl:_w_g gas p:,ase ra,.d,=s fr.L,m

....• : .......... _-_,r+::cb o_ __ _em:.e_:tur_ dif_e--_-n,.:e

,,_tween ....... % a:-,_ tn_ 6as p:-,as-_.___-cause the total :-,est tc: he

.''-:nsferr,-d...... in g,,'_-n__atzn6 .:,yn_s :ce. is <ni/ ,-5 8 _-.;._:,_r:

=-:_" _-_" _,*ir<:_ ,-ea,_:,.:,L',:_,.: _, 4- HIiR3T'J_'}: per ,.,::, ._ :s .:.. tha

ali of this heat can be transfer,red from the c:c:lyst,but most .?f it

8



will in fact be transferred from the reactor shell and feed gas

tubing,leaving most of the reaction heat to be transf--_._-___,,__to the

water tubes. This will he analyzed in Tasks No.4 and No. 5.

4 5-HEAT TRANSFER FROM T.u_ CATALYTIC ZED TO THE WATER TUBES 7,_,_

VERTICAL :]AS FLOW

Zenz and 9,_hmer. in ._ef.37 196N =iso p_o'Tide a correlati.:n f,-,,-l_eat

transfer from the ataiyst bed to the water tubes i_nersed in it. t:,,_

correlation,developed by Leva ez al. (!952),is ox.pressed as"

0.7

hc' - .3.5,'3fwf;,n_,,.,,__ .....", (exp -a 6 Dp,'Dt) x [Re]

for fixed beds cooled by water tubes er jackets.To maximize the heat

transfer,it is shown that Dp/Dt should be about 0.15,according %o

Ref. 37.

Dp/Dt = 0. 154 for a_l__cases considered,which simpli_ies_ the expression

of hc' to"

0.7

he' - 1.72 (Kf/Dt) x [Re]

TABLE ia

: o Dp Dt .Re Kf "_,_'cp.TU/h _q. f_, oF

_80_ 2 5 0 004 0 n26. 58£. 0 0929 ..=3!

o,_ _ 539.__,0 2 5 0 004 0 __2b 565 0 r196 =,

_; '_ 5 0 008 0 052 _170 O 0929 4,:q-.• _. '..) 6-. .- "

8"}r,.. .._ :- ,_, <0,__,_ 0 052 1130 0 096 =,_ a._%8_

680 ': 5 q....on_ n. 0"6_ qvS._ ,_,_0929 760

8On_ i 5 .q 0_'4,_, 0 026 94o__ 0 0965 77 _

o%,_ ' .5 "_ -'_'8 ,-, ,-,=_ , q=(! ,..,.r',a,-_r_ c_ v

8G_,.., ,_ r_._. ' O0__,,.:0 r:52 18 °a_,. 0 0965 629
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:h_ temperature gradien at _-'._ o:_...._ "-_-,.;,._--.:..<. u.-..-:_;;

bed a-id the water tubes :.._;y _-- <_--__:":.:,_-h -,,_ _ .., . , . ....... ...............

....................=: ,-_,"_ _,-=.__. -=. _he :uH_.s _equired _,-,-_ trans_,- of ! '_c...-.._/4.... - Oh_.

'_".._.mtr: '"¢ f,'om e,;%ch section of _-_ ' _" "._._.,,.._.:.. _ _.-_ reactor may !,,-._._as lit :._,-_as

'30 6 ,_W,BTU/h_/(760 o_,; ,;_ ft o o - 20......... ._.o.,_,sq. .':F x :OC F) I. :_%sq. ft/secti,-,_t

Eor this ,-ase, _.:e ,._u,._rdzamet, er of the water tubes is 5/, .......:.r

0.08!7 ft in circumference,the tstal length of water tubes per secti.r,n

• _ _, .is _,_.,4 ft The ]=ngth of ,S':_e:section in that :ase is at least 6L 75

ft,and the i_n +h ,-.f _ b._... g, ea._.n ._lic.-_l tube may Le at,out 120 fr. This would

• _.. _ +u,_,_ : ra!!el to proviHe the needed surfaceL'e,_uire le_ss f_.a:; _ : _ __s n pa

of l-:eat Lransfer. The total water tube volume per section remains a

very sma_l= _,_-_cti,-,_,__.. ,:,fthe caDaly.:_t b,ed volume"

[_I x ._ x ,,0 _!3 ft_ _ "':'0 / _' ,_, ,_ /4 ) _ %..-, x ft] (370 _ - '• _ , _ ._ .

......mv.-_ for the large," c_._ss s_ction :o-=_bed (" .5 sq,_t,hc', _ 539. t_....:=

cc:ncluzi_:,:z _.pplies to the design concept of vertical flow reactors. The

re-%-__i_._ s'zr{ac_..... a,-_--aof 5,"6-. in OD t-.>.=s.__becomes =o3'-'_P, :sq.ft. m{,r

u.,_ _=,_ = _ 'he i,-ngt_, ,-_ c .... water t.u_, __ n ....... is ..... .,-_.- :_.,g_h a: 3: ft,, ...... ---,_, ..... :'-=] " ,- " ._::'v

..................... t_ " - ' 1 "_ ! _ _ : -I -

.... -:s, : f ,. ! '_. _ _ ,_:. _ , w"'....,s -_ _..__'dm.: "_---.se ....... '..,__t bor _e:_ t

_..'= L.--= Z"!y_ '-_" h,ed v,-,lume.

..... :,:,r:_irms .... _-_.." ; h. - l L < y. _. ....... _. ........ . . :.,'_

=,-, -:=,.+ : _ = =_ m,.,.+'._,. _+'mi _.'.:,n .:,f +' " de.--i=_.

...... _ ..... _ ....... i n .s...._,-- "_ ....-_ _" s-__,,_rge ._t t}..-_ ".... t t.-_:n =nal .,_" e., -I-.-.

, -........... _ ...... • ..........t i.p :-hd f -_'_ "_=-_-ur,.a_c._ • -_-.s--=_], _,".2-_:-_--te_< bf +[:--- ,-'--=pe,__tiv =-

tubings _b.t.z_ " __ely ' " ;-m r.e _,-=n_- + t ....

-4_?=_, ., ..... _r,,4, ,1-" 3.T-._l.ei':Z ..,: ........... _. ..... t'-'!" S ....... '2'-,i

wail,wLi,-w ,_,ontt-o_ _he =.-_=-' ..... o .... _ .... :S wil 1 <'"

-!0-



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

a boiler,and determine additional design parameters.

4.6-GAS PRESSURE DROP IN EACH SECTION FOR VERTICAL FLOW"

The c.orrelation of Rose and Rizk,also given in Ref. ST,gives the

friction factor f - (g. Dp._P) / (L.[f.v 2 ) as a' function of the

Reynolds Numbe_" for = - 0.4 and provides a correction factor for other

values of E(see Fig.14 and 15).Wall effects may also be taken into

account. For th__ values of Re - 4,=65 tc. 1950 previously considered,the

respective values of f are 21 and !8,with a correction factor of 1.5

for 6 - 0.35.The corresponding pressure drops in each section are"

_P- 187 psi fc,r S - 2.5 sq.ft, Dp - 0.004 ft and

ZiP- 374 psi ¢,or_ S = 1.5 sq.ft, Dp - 0.cq °.,,ft

The assumed _yn_ gas _=eed p,-_-sure__= of 2,675 psia,corresponding tc.-,a

!00' psi pressure drop is a little tco low for these extreme

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

..... ,_....,_.,,stof a bigger compresso_ for th ,_ Syngas _d,a_ by

..... _--_ ._:ethana_or assembly=-)mp1 -.-_,_y in _.....

s:mpler option is "- c-:nsi,_._- the i.._terme::]iT,te ._'-::_efor cr.._":-:e"r

_=_, and _arger tutes

• _' - " '_ ar=d _P - .:.,,os , " w!-_-,-. = .,.4 -+ l,_-):-_ f.R ,"_:- _" i S ,.r=r ": 1 q w _,r- { we l " t.]q { ,_

the __=sumed _:lr_ { ._',- ' "=" ,-__ " " -.%.__h -..f ._=:_ __

This _,'_,-,w_v=-re,lu,res the .h_+ _;-ansf=r p)ef_ici=nt }-_c'_,:m 768 +._-:43 _

and cor.-esp,..:,ndingly in,cre?.:ses the surf:.ce of wa_er tubes required

_om__ _01_,_. 3 _=,%.ft _o _4q_. 3 sq .f_. The. corre=pondin__ .,-,,,_h=r.__ of '/5.___ _o_:_=

-!I-



tubes ,of 5/8 inch _D is .9 tubes.

A ,m_re detailed analysis of this case will be pre_ented as i:_az-t_f

Task 5.

a_Ar VZT '" " INa 7-HEAT TCANS,7._ FROM C_._..,_ TO RADIAL FLOW

For radial flow,a_ coarse parti,"le_ s_se_ may be pre==_able,_-.... A value .-,_

Dp - 0.(108 ft is assumed.

The average superficial velocity,corresponding to <he average _as

composition, with an average shrinkage of (! + 0.5644) x 0.5 - 0.7822

is Q/S for a _:_,_w rate at 2,575 psia,680 w_ in each section of'Q :

..........Ir30 M/M..SC_/T,:< @ 78 _o_ x ,,'I,140 R/492 R) x (14.7 psia/2575 psia) x 1/4 -

0.258 MMACF/D - 2.9 ACF/s.

Assuming that the mid-section S of the annular bed has a radius of

9",the flow ve!o,-ity in a 37 ft tall section is only"

-- ,-, !C - - !'} _ ,/_v ,_/._ Z 9 AC_/_ / ,_ x i 5 ft x 37 ft) 016 *t/'s,about -, o,9,_

o=._ t]_=t.._in a vertic_! flow __-_actor_._of same dimens_Tns.__.

" T- _ , _ °

The cr,rresp,)nd g _._yno_ds _iumber at @80-F is

..... 0C = o _,q_ ' _ 619_- "; Dp _ / f - e, 0 _6 ft/_ "_ ,.,. 8 t _ I¢/CF / :. _

The _:._ss__ '_ ___ _, _ _ .,ira',,--,"represent_n=_ the "..'<eattransfer _L-:,,_-.._atalyst to

d_.s :,s now" Nu - 13

_" " at _ " •:_,_ he transfer ,-oefficient zs

,,,: 3 x 0 09 _' ft " 'bu*_.9 BTU/h _'_- _ ' " 8 '- __ i _, F. _ _, . _ Li %' j /.. . :, .... S": , ,.

t:_e surf__'e cf ._h__ 3a-alyst ...... "

• ' (4 X D_,."6) - 4 = _'

_e:::-heat t_a:-_sfer_ed___ :_',:m.catalyst +o. gas ...._._ =,a.zh sect:.:,n __.s_}-,=,..._:,

-= the Syngas = .......__ -,,-_at{ng_ load i =. Lhe temperature_ _ra,./zent h_,.we_n_

-12-
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catalyst and gas. is only one degree F.Accordingly,most of the catalyst

heat will again be transferred to the water tubes•

4 _ HEAT _ ,c-T THF•_- _RAN__R FROM _ _ CATALYST BED TO THE WATER TUBES WITH RADIAL

GAS FLOW

Leva's correlation,obtained for a range of 250 ", Re < 9, 300,is not

applicable in this case,but the experiments of P!antz,Felix and

Yagi,extending down to a Reynolds number of 20,provide a valid

corrElation,also given in Ref. 37.

For a Reynolds Number of 19,and a ratio Dp/Dt - 0.154 (5/8 inch OD

tubes..._,the transfer of heat __-om_ the bed to the water tubes is read

_ lationdirectly from t_L_s corre

The heat transfer coefficient,hc' ,is"

hc' - 24 BTU/h.sq.ft.°F

Fc,r the same heat load (30._ MMBTU/h/section) and the same assumed

LMTD (_' ° _ " •=_0 F),the required sur:ace area of the tubes _s now

30.8 _94.BTU/h / (24 BTU/h.sq.ft.°F x 2'30 °F) = 6,375 sq.ft/section.

The required surface area is nearly 22 times that required for

v_t:._l ga-- f_ _. ,_i ly water tubes ran.... :pw reaczors,making _+ un _ ke t'.,:at

s<i': he _:sel f,:r cooling the b--A :n radi_l f_.... :C,W .

_"'..._-zross section area o_.....an annu!_=.r bed of ,_=,:=meters i__ an,l 2a.

n.:'_'_--.... (6 inch bed of a'z__-_a==_..............,_i--_ter 18 i_h _=) i_--_'".S=._osq.__t

-_ ._ • _ . _ 4
__..=_A-t:ie _,-__a_l _.=_+,..__=.,_o_ t ;,_ _ed _s- 37@. _F_ / _°....._",<b..sq ;t - 57 __.

_-........ :..r_.g,r: .-_ ...... --" ' wi± _

• " _ " -_ ?,ter ft _>n_j. With en _-:.:te.,'::al_l ! -_-,-_ e_rh ne:i,r::, _' :ute :nay be !Or'

...."==-= _. 0 _=:S_ =" " ";,= _%u_ ,-_H =urfap= m]y _-= _._,_.,,lJedby

,_Q_°'.oo:_ Lhc _ata!yst_ volume,or 47 % of the tota-,_ "D_._.__ volume.

-13-



In view of the low gas pressure drop,it may be possible to reduce

the number of sections from 4 to 3 ,thus reducing the c_mplexity cf

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

reactors,this does not change the Reynolds number,nor the heat

transfer coeg_,_,_.+,nor the pressure drop. The tube surface

r_quired in each of the three 58 ?t-tal _• _ _ sections would however,

increase to o 509 sq. ft,again occupying 47 % of the total bed vol_me%.' _

The number of 5,/8 inch O.D. water tubes remains the same. Another

water cooling process,by direct flashing of water into the hot flowing

gas phase would be preferable to reduce the reactor volume.

• _._,R__ACTORS WITH RADIAL FLOW4 9-PRESSURE DROP T, _

T_'_ same ,_o_'r_lat"on,from.... Rose and Rizk, gives a friction factor

which for the value of the Reynolds Number of Re - 19, is equal to"

f - 90 x 1.5 - i_5

The corresponding pressure drop,for a typical bed thickness of 6"

and 40% void fraction is"

°15 ._/CF x (0 018 ft/s) 2 /(.92 o *t/'_ s x

0 -_,o {t x 144 s._ in/sq.ft) - 0 00 °• . _ . = psi T_e "n]"t pressure is'J_J_2 • • "_ "" . w..

4__ tD%- -

pract.ically _i_e same as the discharge pressure c,f 2,575 psia. _:_

as=_:.:_._lon of a flowing gas phase at _ 57[, _=: a in Lhc ca!cu.ati:n

of the volume flow rate is theref©re justified.

} Within the g__cme ry =,f a large diameter cased we!!,t.he precedi ,=" - - % - r.=

analysis sh,,Jws that it is feasible to quickly bring the feed gas to

;;'eac:ti<,n_,_p_u_'_ by _,..gat._n=fer f_c)m the 3a_lyat particles

")-Host of +he heat _,9 react;on will he tran=_=rred to the coo_ing

-!4-



water.

3)-With a reactor in vertical gas flow consisting of 4 sections

_ i "J I'lconnected in parallel,the gas pressure drop in each 37 ft se,_.,__

is less than I00 psi,if the bed cross section is 2.5 sq.ft and the

catalyst particle size is 0.0c18 ft.

4)-In such a vertical flow reactor,the entire heat load required to

vaporize the coo!_ng water may be transferred to a relatively small

number of 5/8 inch O.D. water tub.es,occupying a small fracti¢-n .sf the

reactor volume.

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

negligible,which may lead to a reduction in the number of paral__l

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

the reactor assembly

_)-Becaus_ of the much lower heat transfer-cce-'ficient in the radial

gas flow reactor,%he number of 5/8 inch 0 D. tubes required to

transfer the full heat load to the cooling water becomes excessive,

since they occupy a large fraction (47 %) of the total bed volume.

7)-Addition_l design parameters will be de_ermined f,com en __nalys_s c.=

} .O. ..... " _'_-_ _ _ I be ,_,-,,_ _ Task N._ 5L;_e water tuoe system as a boiler, i::_s w ......... n

"A=,,. No.a ,_._,_uLATION <v r,TL :'RnnT_._mION RA_E .".."NDERVAmIr;n c

_'-UM_Tm:'N c, •_seo ADr_endix .3)A
,..Dii] .... '-L', _- ', -- __

,_.'N RATE 'DN HE _:'r^'-'_-,:' DE _5 1 "_'"A-'"ff']_']C"m OF O1' FROnT_c - _ ' " •f_..._J%'%h.v -' '.Y£b

A rough estimate of the production_ rat__ to ___ _xpected_ fro:0, a

horizontal wel extending _,000 *- S v_'0 _..... "-_-_. _.,._, , 0 ft, into ,-_o ,,T the West

sands o_ _ickness_. _x:-'_ding_.__ 25 ft is neoessary_ to proceed wi"h. tl-.,e
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conceptual design of the Downhole Methanator. This is required for the

fo I_ - •_ng±<_w_ reasons

i) in the _ases where the injected eff!uenc is discharged at _

_-- _ = ..__. _+_ion cubing r;ccuni_=___ the"bc,_,_,m of _h_ M_+hanator assembly,the produ ,_

central L_ar_ ."= _'_ - =.... _.,e assembly,thus limiting the space av_i_ahl-_ : cr _;--_._..

_. roper.rea._ _or p

2) the fluids preluced from the well,after a period of injection wi-_b

steam an./ ho.% gases,are very hot. In their flow to the surface they

exchange some of their heat wish the Syngas feed and cooling ware ,r

streams,thus determining the temperatures of these streams at their

entry into the reactor.

S) the oil production rate is an essential part of the economic

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

the only income offsetting the capital an,l operating costs of the

p rOC--- S .

The +otai liquid _ate _s _stimated at 18 0'0r_ to °4 0O0B/D r,f which

=_:r.u+___. _,_/_,ma}, be oil and 2/3 "'_er.Determi_ing__- .. the size r,f_the

+u_ing for +_i- large flow ra.._ w_!l _=qui,'= a ,carefulproduction ,_,.... _ ........

aria_ys :s ,whi.s}- wi II be _r.n,-'ur't_, a_ -.=_* ,-,{T==b w,-,_ see Appendix -'

.ccmlSTB The corresponding _,L_ is +_.,.o _961 / _ - _.,o:_ m W{_}:

proper tubing size,this 3t-,pears tpo be sufficient %,_ _,_=_ "}-:e _iqu: i

_'- pr: ,_ -'t:v_ _ ,f -_.. " _:::_ .u _ .y _ a kori -,:,ta! we! is i_rge=y /epender.% :::,on the

-]_,_ -,= =_=-" u ,'_=, i_,_ =-" ...... -.{ _-,v +'_ we!' In t;;= ab=enc _ -=

"},_...__*ic._..<9_._ve_i_a_. _ _.,,-::o_____-,-<_ta]_..._ l.,e,m_abi__,,_ _i%ies.No :nform_%i-:_, ==

_



drilled in the West Sak reservoir. In the event that a single producer

of maximum reach is insufficient,several horizontal drainholes

connected together may be used instead. High pressure steam is often

used to create fractures or to ,?,pen existing ones. The known presenc_

of many fractures and faults in the underlying Kuparuk reservoir makes

it very likely that horizontal wells in the West Sak would be capable

of producing low viscosity fluids (hot hydrogenated oil and water) at

high rates. The cost of additional horizontal drainholes is relatively

low,compared to that of the large-diameter vertical hole,casing,

Methanator and vertical tubings. Consequently,the uncertainty regarding

the productivity index of each horizontal drainhole is not of major

consequence for tb.e economic viability of the process in the West Sak.

A complete reservoir engineering analysis,which is beyond

the scope of this contract and which would require more specific data

on the area of the West Yak field subjected to a pilot test of %his

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

oil production. _

5.4-HEAT RECOVERED FROM THE PRODUCTION STREAM"

T_.........*=-_.-_r_ture=........ of thi< oil/water/gas miY_u_- flowing =.rom the

ho_-ontal__ wel I. after injection_ of steam _t 620 ._ .,nay b__ _.50. to 55 _'_.,__

These hot fluids,when br,0ught to the surface,may exchange heat throu_=L

th_. wa_l. of the production tubing. Assuming that *'_...,_w,_'l-'_=d__.._..

temperature _.-f.the ;rodu_-_tion stream __s 820 F,,-orrespnding_ +o..an

-)= 1,_%_ F,the heat conte<,t -= "' "_'aver_== te:npe_a%u _,= d-.-_o ._: _ ,_.,,_ 1,J_,O B/D

.of oil _nd water whi.::h could be transferred to the Syngas feed by

,:3::)r:v e,::% _ _, + _. ,_I_ {z, - abo/_ "_ve _.ea, _'* .... ange,_ . c.__unt_r-current,_s ._

-m-_+._ c-_:, cp ,T_ - T.-,_ A H /XH
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(B/D ) (#/B ) (BTU /#. F ) (F ) (MMBTU/D ) (MMBTU/h )

Oil >= 7,647 270 0.50 180 186 7.7

Water - 13,353 286 1.12 180 770 32.1

total >- 21,000 total" 39.8

The enthalpy of the produced gas volume (0.8 x 21.8 MMSCF/D) has t)_en

omitted because most of it is ultimately spent in isentropic

expansion,to produce the work ,of lifting the liquids to the surface.

This additional heat,recovered from the heated reservoir,is used to

pre-heat the Syngas feed and cooling water. It is essential that the

Permafrost be protected 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-all heat transfer coefficient is about 80

n_r,,_-,_,j_sq.ft.F.Correspondingly,the LMTD required _or th_s. heat exchange

is

39.8 MMBTU/h ," [80 BTU/h sq.ft.F x _ x(g.625"/'12"/ft) x 3,6C:0 ft] -

65.8 F.In reality ,due to the large temperature differences

between the various streams,the r_u_-_w will be larger than that

required. This shows that the concentric well tuLings ,conssitu_e a very

good heat exchanger system for _he recovery of this heat, re_resenting

23% of the pr=vious!y injected he_t.

o.5-HEAT BALANCE TN_ THE __'_VTHANA_OR

7 _The recovery of this heat,otherwise wasted, is inc_u.fi_ in the
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over-_l" }_eat b__'_n..:e

V_hanation reac%i-,n heat _ @'_n F" o"3 _ _'_<'"'""-

Heat _=ccvered from =..,_,._uc-i f :li,is .., ..

--- '_0-620 f " <"5 9"_'-.:: p ....v-re-he=tin== Eee4_ __=_ '.,J ......

-,-_-we.l_?y-..... -.__,non----,-......" sz'_o!e"g_ses- " ',_-"@':'_*

EntlIziZ.y ,zr reiction steam {49 5) •

Hea- =.:4_ -__ cco!in_= water 162 0

- • "98 1._-.+'_-=- -= "_ _ected st-__m-"-,.......2-Y -', ....

'--._:_ng water __ate" 'Z_H- 1,185 BTU/s) 149 300 S/h

'N =. _='_ " " '_=-{_r. _= sur_a.: - fac_ !_'i=s wh,_ch increases by

1.5 % -_ ==='_ =_te,'- ....."--=yes 6% ,-,.=:H4 an2 a lower H2/CO ratio in the

........ =_.::__stor show_ = :_,at the *oral he-t available fo-

injec-.icn may be in__re_sed by __bou% 3 Z to 22.?.6 _9TU/h/we!l,per

• ...... :,:_-_ereLce s lD. +-_ =_ c.... _ ; . :_.._ ............... as u.mpt.ions n wh _ch

h.o.ch indeg.endent _stimates were made are cons; Jered,this shows an

ex ,-_<_ent a__reement.

• _ . 4-

-.he _=f_uen- .:_==_ a_d water, =_,-,'," the wate_ :.:_-_s rous. "e a_

= _,-==--,_= "_=':_=_ -_l-:e"th_-. = the ' " ===_ _ ''- [7:" :_ -_ O= OeG ':=n _, =sis

"- .... j£-p n--.e -: _,---< :n: a-t.zt .....:._- >._t -_he_e fs a :_ .=si p,'_...."_ - " =-=

, 3 =>= .:].-_iet L.res=u_= =-- -2 @,-o :,s ,:%_'. _sL,rill:. d e

- +_ m'," t' ,-'£ 'q":'.'-:: zi<a _.ion __mp._-a,,,ire ._ .,5 r.

.= ce._.pefature -= " . ! ::.:_ : ..... _ • -

, _. - - "- _ : .:;-7"._i _'--.-z- -:-.-.-.:es :r_m ½ed "- steer,

j " h J.... --=--.L'-: -.4P:-_ t;_Y..-'.f-_-r =E .%: Ce" %2 "__Ee, ._..e,'_a: e =" _'-.,.....i-" : " y.

"_ .L -

-?.e en-_--.iipy -= --=-_- =- 6-£ F is " ",50 BTV = ;u_ -:'_,_ .:.f-:te_:: ._."



_0 F the equilibrium temperature of st*am in the injected effluent i =,

I, 15,B 9TU/#,higher than that of _" *_,,e steam flash,:d fr,_,m the _-___.m

separators.This means that some <,f the steam is c:,ndensed _J,.,_'i,,_g;_h_

flash. The droplets c,f c_ndensed steam ma}-, however,re-evapor=te if

• , _-" th___ defic "'* ,'7_ _ _ xadditlonal heat is available _o offs_ -- _ , o _,,U/

cooling water rate _,,'h >- %.2 HHBTU/h).Two s,:-,urces of heat are

presen< "

I) the effluent frc.m the beds is at a temperat:]re T higher <h_r_ G',"5 ?"

it will give off the corr_spo:,ding sensible heat. Assuming that T -<

,_%00 F,t}_is sensible heac is =< 13.8 MHBTU/h ,which is more than enough

to re-vapori:e the flash condensate in the reactor _:ffluent.

r_

=)th_ wa! _ of the bed is _.. _._so at a =emperat_;re T higher than 675 _ and

crans_e.s ....n-_a_ _o_ th_ _'_ent flowing" against it in the collector

S p.D,,Z '_ .

A major concern in the design :,f ]_ig?.,press;re boilers i t,:

_r_'/ent tube burnout due t,:,_xcess;;-e tube wall .emp_r_ture. _ r s:_,--_-
<.

_:,pe,-.=t_,_P,.............i+ ls n_==sary__ .¢_ a'¢,-_idrh= Departur ,_ -r,:,m Nuc __eat_ B,:,z__.,_g

(rlwn_ re=:_me whi,__- at :,';-:_. -' ........ s., press,.:r._,may Dc,__ur a= s_--]at[vely lOW s.-.ea'.n

,4uali-_y va _,,.:cs.This '_',nst-_le regime, corresponding to the p]-:en,}menon .:,f

=ilm boiling,is characterized by a large ir,¢'reas-_ _n ,t_ tube wall

, ......... :,ab,_',i)ck _.d*_,np_ra_ re _ative _o _ha% _,_ _-,_m show _ Ref 40 (c

Wilco×,1972) The same referen_ ,_ _ndi_a<es %hat at a pressure of 2,6 "=
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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 nearly

threefold the water flow rate through the tube system.

The total cooling water rate being 149,300 S/h,the total water

rate through the tube system would be, for 3 passes:

3 x !49,300 : 447,900 #/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 of the water tube specific heat flux,ln

BTU/h. sq. ft of inner surface,at an even higher pressure of 2,700 psia.

These data were used in a proprietary boiler design program to

determine the number" of tubes required in each bundle to bring the

water mixture (BFW and recycle) to the vaporization temperature of 675

F and to vaporize it under nucleate boiling conditions. It is essential

to e'.imin_te the risk ,0f getting into the unstable regime of film

boiling in order to prevent tube burn-ou=.

Tr_ r_ _i_- +_-_....... ,_ _y, _:._ total he_t load is made up of +.he vaporizing l_ad

in the uLper part of the tube and of a water pre-heat convective heat

transfer load, in the bottom part,which must be an_!yzed separately.

lt also shows the interdependence of the heat transfer from bed to

o[it-ir tube surface with that from inner tube surf:_ce to water in

nucleat _ boiling and with t_he water pre-heat. A numerical solution

inc!_ding _I +,hese factors,_s well as the thermal resistance of the

m.eta__ "ube,_ wa _]__was used f_-,r this purpose

6.t-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 tube:

V.Dti. _w/_w ,where"

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

- Dti is the tube internal diameter,first assumed to be 3/9 th :,f an

inch, or 0.031 ft

- _w is the specific gravity of the flowing water (#/CF)

- _w is the viscosity of water in the tube(#/ft.s).

It als,_-,depends upon the Prandtl Number,Cw._w/Kw,where:

- Cw is the specific heat c.f water(BTU/#. °F),

- Kw is the thermal conductivity of water (BTU/h.ft.°F)

For the _ssumed __%verage conditions in the tube:600 °F,3,000 psia,these

parameters have _he following values"

_w- 42.4 #/CF

nw = 0.05B x (10.-3)_/ft.s

Kw = 0.292 BTU/h.ft. °F

Cw : 1.5! BTU/_. °F

The corresponding Prandtl Number is:

Pr - ' =,_ BTU '_ _ x 0 0f,8 x {I0 -3)_/ft s x 360N s/h / 0 29 _':._. . _ . , ...... • . ,_ BTU/h °

Pr = I. 080

Assuming that the tube bundles are all connected in para!lel,th,?

water f!c,w in each bundle is447, 300 _/h / (3,600 s/h x 8 units)

15.[.5 _/s per unit,._nd the volumetric water fl,>w rate is"

15. _,_r-=S/s. / _"_,:.4 _-'CF - 0. 3@7 CF/s per unit bund _e.

For comparison,it is assumed that the number :.,ftubes in each

bundle is 100,f<_r a maximum heat flux of 40,000 BTU/h.sq.ft,

V - 0.3@7 CF/s / [I00 x 0.00076 sq.ft] - 4.8 ft/s

-22-



The Reynolds Number can then be calculated,for water at 675 F.

W.M.Mc Adams, in Ref.34,1964 provides a correlation:

0.33 0.8

hc" : 0.023 x ( Kw /Dti)x Pr x Re

from which the convective heat transfer coefficient can be calculated

wa_ _r strea._l.(in BTU/h. sq. ft°F) from the inner tube surface to the +=

The over-all heat transfer coefficient U, from bed to water is:

I/U = I/hc' + (So/Si)*(I/hc") + Rm + Rfc + (So/Si)*Rfi

where So and Si are respectively the outer and inner surfaces of the

tubes and Rm,Rfo and Eli are respectiv,.:lF the thermal resistances of

the metal tube and its fouling resistances outside and inside.

So/Si - 0.1634 / 0.098 = !.$67

Rfo = 0.001

Rfi : 3.00!

Rm = 0. 0006

hc' = 438 BTU/h sq.ft F for T = 800 F (see section 4.5 above)

6.3- HEAT TRAlqSFER BY NUCLEATE BOILING IN T.kIEUPPER P__RT OF THE TUBE

Thom's corre'ation (Ref.41) is used for the part of the tube in the

f_-,--_-_ lea_ ._,oiling regime...'___,_ nrl'3 ........

it relates the heat rate per unit area of the inner tube surface

.. ehe .......................,.__, _ square of the differe_-e between the _,ne_" sur_a.ce *=mp=_ -_*_'=

and Lhe bo_!ing temper _'"_ a ,__re.

TUEE SYSTEM"

Nomenc _a'-_r_c*''"--'"

n - number of "ubes per unit
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Q1 - heat rate (BTU/h) from bed to tube in each unit

ql - heat flux (BTU/h sq. ft of inner surface) in vaporizing regime

Lv - % length of tube in vaporizing regime

L_ - Z len=tn cf tube in convection regime - 100% - Lv

Ktm ..h..rma] conductivity ,of tube wall metal

Rfo - fouling resistance outside - 0.001 for gas

Rfi - fouling resistance inside - 0.0005 for steam

- 0.001 for water

- maximum steam ,quality

Tw - temperature of water (recycled + cooling water)at tube inlet

Tow - cooling water temperature

U - over-all heat transfer coefficient in convection regime

hcb- boiling heat transfer coefficient,derived from Thom's

correTation for _ully dove _ - • - ,_ _oped nucleate boil_ng (Ref _I Applied heat

transfer V. Ganapathy, 1982).

Q2 - heat rate(BTU/h) in convection regime

q2 - heat flux in convection regime (BTU/h sq.ft of inner surface)

Assumptions "

8 units in par_llel

tube characteristics Dto - 0.052 ft

Dti - 0.031 ft

length - 75 ft / 2 - 37.5 ft in each unit

_o 0.1634 sq. ft/f% t_ _ __ - To- _empera _u_=

Si - 0. 098 sq. ft/ft temperature - Ti

MetalCroloy 2. I/4 Z Ct, IZ Mo

Heat transfer from bed to tube outer surface (see 4.5 above)

T (F) hc' (BTU/h sq.ft.F)
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68O 432

800 438

Average value of hc' - 435 BTU/h sq.ft.F

The program solves the simultaneous equations expressing"

i) The heat rate from the be,_ into the part of the unit b_nd _= "

vaporizing regime,

2)Heat conduction through tube wall in vaporizing part of unit,

3)Nucleate Boiling heat transfer inside tube in vaporizing 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.
/

@)As shown on Fig. 17, _ is directly related to Q!,since the pressure

(2,625 psia) is fixed.

The bed temperature T;Lv and Lhc number of tubes n

may be considered as the main design parameters.

6.5-JUSTIFICATION OF THE TUBE DIMENSIONS AND ALLOY COMPOSITION"

The maximum _!lewab!e design stress for Croloy 2 1/4 is,per the

ASME spe_ification_ SA 2 _.3,T22,in excess _,?____.%,_=0n. _,_=[ at a temperate1_---_._

,_f 900 v (i00 _ above the maximum operating t_mperature .of the _d _'"

a]l,,w for the risk of hot spots in -h_ c_+alytic _-_d)

The stress resulting from the maximum internal pressure in the

tube- 2,625 psia, for the ,]imensic.ns cons:dered (5/',9 " OD, 3/8 " lD)

• " '_'-_x (I/9 '_)] - 6 56 _' '_i or _,out 50% o _ the

ai!ow'_b!e stress,thus pL'oviding _ two t=. ,one saf_t.y ma,sgin. The

,+_r,_r_*:7,-= _t whi '_'r'this n,aYi_um st.-_s=,c>rresponding t,-._zer,_ Syngas

pressure_ and _,_25 psia steam ._'_'-_u_'-___,w,-,u]d.__xc_--d___. Lhc aiiowab]___

st_=._____ for this alloy __s _:b,0ut I ,030 F .This ._o',"_._ _ the risk of
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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 1/1S inch, instead of 1/8

inch. This will make" Dti - 0.042 ft instead of 0.031 ft

Si - 0.1319 sq. ft/ft instead of 0.098 sq.ft/ft

Tube inner section - 0.00138 sq.ft instead of 0.00076 sq. ft

hc' remains unchanged,but the numerical equations are changed.

The solution shows that a 15 % reduction of the number of tubes is

possible by the use bf 1/16" 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 justified.

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

al=ow_ble design stress at 1,050 F is still I0 !00 psi thus providing

a safe operation at this high temperature,even if the differential

,.i__between steam and Syngas r_a_h_s a value of __ 020 psipress' _ .... ,

This is an unlikely occurrence,with suitable controls and check

valves on the Syngas compressor at the surface.

The bed volume fraction occupied by water tubes is only 12.3 % of

_al bed i m ake for the tubes vo _the ,_o_ vo ume. _o m up :_me,the height of

each bed section is incr,.ased to 42 ft.When the heights of the

connectors between units and between sections and those of the valve

_,_ u_ ...._, rQ_,-._-'_ ._,_._ ,_3 .....Z -_, ' , ........................... '

l

height of the reactor assembly exceeds 200 ft,for a total vo:ume
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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.5;

I) 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:

2,625 psia).

3) To minimize the number of tubes,and their volume share of the

reactor,it is advantageous to ;

A) maximize the steam quality _ by

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

heat flux,

B) pre-heat the cooling water _rior to

its entry into the tubes system. This shows the interdependence between

th_ a_=ign of the tubes system and the heat exchan6 = characteristics

of the concentric tubings.

4) With 8 unit bundles in parallel and a re!a%ively small number of

tubes,the friction pressure drop through the water pre-heat part of
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the 3.5 inch ID-.ubes is small.

5_ ;_be dimensions of 5/8 inch 0 _. i/2 ir_._._TD _==u!% ir_ s_g_,f"-_'ar,+iy

fewer tubes per bundle and safe operations can still be main-ained

by _cting a _ al - _ ......... ...gne_-_treng_h !oy,=uch a= Croloy _2Io

Until fur'_he _ _,t_.m_-ion, _;.'= will h= t_ p_e,_rred _=ign

recapitu!ati_n _=_,*'-= _ctor characteristics_ is given in Table _.

7.DES!G_; OF T_ DOWhHOLE VALVE SECTION

The va_v.__'=sect _on,_ _cated abov_ ....the reactor hanger,i_iudes 3 major

elements'l)_ a __=_t _=__,5 par=i!e7_ . tubings,_,f_, which two are terminated by

_ connection to the varioustelescopic tubes providing a ._,__ievabie

drain'_7_.wni!e the _,ther ,_b_ _e=_pec_iveiy convey the Syngas and

w=*_ --treams to th_ _to_ "_,_ow and -he reactor eff!uenz to the

" " -" the sectionva _''== _,Jne of _'_.-_== 3 tubings may be the _+_ _e_! o_

2) a set of wire!lhc retrievable downhole three-way val_/e5

!oc_,-_d "__-" =lr i tubings...... .._-,n the _ st two petal 7=__

) umDe_ an_ lower cross-ove_ _,low _onr_re_,_s +__ _ ............ fans_ __r-+g

-<_=.._._=.a_='_-:'.'_' Luh,ings arrangemen-_ into "h_ _-_-_...._. _ubing.

• " _ _ _-'pec _ ,.. ._ccnflgurat=-_ _=qulred to mate wi_h "_- -:re _: _,_ "he _"

The funct-',on c,f -he ,+'_:_=-way /cwnbc!e v=.i'/es is <o a_-er:.ate-y

...._ =,-- Z_ drai_hoi_= -_c the _entra :._cd:c<i°. -. :uhing above _ --

=he reactor eff_uen__ ;,:_--=- -,=-mw. These "/=-"<'_=__=_ ....._e ____.__ .-'_-+.-__...-_he

-""_-':--_ _; :.y!r=_::- : ..... _ppe/ :n -_h_ ..... :_= cf --he wa-=_

" -_h ti -........... _"/_ ."; <OL a

e_..=h iral ''_<-.<_ m-; :7.e _._ " - _

__ = _. " _'_D_..= a.i De __'.iy. _.._O]gY_, __
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surveillance and maintenance of production from etch drainhole over°

the field's life.

I

The minimum number of downhole valves is 2,but,for added f=exibilty

in the well operation,it may ultimately reach 10,if 8 drainholes are

• _ct _Onto be operated independently of each other in three modes in_ _ ,

steam soak and production. Each valve is hung and locked into a

suitable nipple from which it can also be retrived and brought to 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 movable part of each 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

*_r,_ugh at any +" =,wh_le..... lm._ the other stream is zhut-off. The

surface-controlled position of the valve's movable part determines

which type of stream successively flows through the valve (see

Fig.19 and 20).

7. I-SEQUENCE OF OFERAT!ONS FOR DRILLING AND COMPLETION OF THE

......_.._,,.._AND FOR THEIR CONNECTION TO THE VALVE SECTION

After drilling the large-diameter vertical hole,the interval over

which the multiple drainho!es will be kicked-off is underreamed

to provide space for ali the drainho!e liner stubs in their extended

pos_ . _on. ' 24The 5 in. ,casing string is then made-up and run-in.-- _/.

T

._t ncludes a special joint 300 ft above the shoe, incorporating <he

reactor hanger and a joint equipped with telescopic liner stubs

thro_gh which the respective drainholes will Le kicked-off,drilled ani

completed. Each stub is closed by a drillable p_ug and can slide
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through an elliptical window machined into the casing at the ki:-ck--,ff

angle. Drillable aluminum gu;,/e_ wftl_ir: the ,_'_._i::g-i=,r,vi,Je

n.e:_'ha-:izal support to each .=.:t_._,bin :..ts retr=,_'ted p,osition,whi!e the

.-..asin_ is run into the hole,and durin_ its telecopic extension.

With the casing hung at the surface,a work string is run-in and

stabbed into the casing shoe to proceed with the stab-in cementing

operation. When the ,__ . __=men_ s_urry has been d_splaced behind the casing

using conventional procedures,the mud pressure in the annulus between

the work string and the casing is increased,so as to drive the

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

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

After the cement has set and the work string has been pulled out,the

aluminum stub guides are drilled out and any [,rotrusion into the

casing is removed. The drainhc, le drilling s:.:ir:_,ir,<_l_'ding its downhole

_or, _nt sub and guiding syst._m is run-in and inserted into one of

the extended and cemented liner stubs,to proceed with drilling the

stub plu_,cemen% and formation at the kick-off an==ie,and from there,tc

buil_-up _ _ ......, ,_e angle until the hori.7ontal part of the drai_ol _ is

reached.

Th.- ,/_-ai_ho _ _ s then coreD! .=.'_: is : --,: c_ nventi :.,n _, _-chniques

(perforated liners and screer:s,_rav _7 packin_ "f ne,_-._ssary) a_l,l it:,

tail end is cemented usin_ cement-inflated e'.:ternal pa.=kers. The ,_-i_1

of tl-,.e,_7_n___ i_, ,_o,-n_-,'*,_d....... to the exte,,....d,_d _nd .:,f_R_..._t:ib by means >f

.......... te ' [,

........ - _m_nted stub _ '_',, :_ ,_....... _<,'<'.- : ....... " . _ 4 _-,..-

"etio of ddi' " ' : ;,:, :-'= ''.,"_

--%0--



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 _l_ed. casing. T_.._ reactor is threaded through its hange_ and _h_

metal/metal seal is leak 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 s_nt

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. Ali flow

connections between the reactor head and the valve section are

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

valve_

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

section is run-in with the water tubing and stabbed into the reactor

head. Hydraulic control lines are strapped to the outside of that

tubing are used to hydraulically thrust into each PBR (or equivalent)

a ._elescopic connector tube,as shown _-,__g 6 to _stab I _sh _ak-prc.of

met._=.I/_-=+=l c,:nnection with the I_,_ of _ach completed dr_inhole.

.:-:ebynga:s .uoing is then ,_._,_-up and rum -_ lt _s used tr, fi! _

?.nnu.!us between water ar._d Syngas tubings with inert gas prior to

:_._n-_.__i_g the Syngas tub:ng to t_ upper cross-over ,_,-,nnector of t_<_

V_ _ Ve :_'"+i :'<'

Vi.r:a_iy,,_h = ._=r_+-_ o_.',:,ducti,-,_tubing,;_7_ _ with _nert gas _

rur:-i<_ =r,,= ......_<_:-.t=-d +:_ +h_ upper _'ros_-ov _ ,-onnec_

Thermal expansion joi -* _ of _"_.._s and ,:,ther con__mon feature thermal we_

,c,-_,mplet_,-._-,and t}-,_ " _ " ................. rma_ we_l head are _ncluded,b ,'+ are not =pec_ied _<,

:]eta_i Reactor _tar_ up and emergency shut-down p_o._edu._s have also
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b_n__ d_v_loped._
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• _C IAPPENDIX 3 PRELIMINARY RESERVOIR E_ JINEER NG

5.WEST SAK OIL PHASE BEHAVIOR

The Pressure,Temperature phase envelope predicted by the Equation

of State method (EOS) for the recombined West Sak crude studied by

A.K.Sharma et a_. (1989)is reproduced on Fig.lC,taken from Ref.4.It

shows that,at the injection temperature 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,ahead of the condensing steam front. In the part of the

_ , _ected Methane will_,=_voir at a temperatu,: _" exceeding 250 F the in_,

provide full pressure support,as a gas phase.

5 2-ELEMENTS OF A FOR_,_Ac,T OF WELL PRODUCTICIN

An accurate forecas% :of the well production rate and fluid

composition could only be obtained by using a numerical simulator.

In such simulators,the reservoir around the horizontal well is divided

into ..........+afire '_ _7,;_u_ m_ _,_7 =+_ _,-f,-_,_= _ _+_._

balance in each block during each time step It also keeps track of the

-33-



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 each phase into the well as a function of

, ,.U_K_Mtime.Among the many steam injection simulators available the M T r_

numerical simulator,developed ander D.O.E. funding by K.Pruess et _i

(!983) at the Lawrence Berkeley 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 approach taken here consists in considering the over-all

material balance of injected and produced fluids and in making

assumptions based on results of conventional steam injection

processes. To the extent possible,the validity of these assumptions is

verified against experience in other fields than the West Sak.

Ultimately,some numerical simulation will be required for

confirmation of the rough estimates obtained below.

5.21 -RISK OF PERMEABILITY REDUCTION"

A major uncertainty regarding the production rate is the

possibility that fresh water from condensed steam may .cause the

clay minerals in the reservoir rock to swell,thereby drastically

reducing the rock permeability in the steam-injected zone. The only

published results on West Sak oil recovery from experimental steam

injection runs in the laboratory,given in Ref.5,were obtained with

.... _ p=,-_= _,_+__,= _ _w_]1 _= _1_v_ h,_t t.h_ or_s_n_ _f this tv_.e

of clays was reported in some of the descriptions of the West Sak
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reservoir rock. There is no published in,ormation regarding the area _

distribution of such swelling clays within _I_. reservoir and it is n_...

possible at this time to assess the importance of this potent_'9!ly

serious prc.blem. Diiution of the connate water by condensed steam may

reduce the ionic strength of the solution in direct contact with t.L_

,clay min_ra!s to such an extent that the negative charges of the clay

" 1_ i _. _m thelattice must now be balanced largely _y H+ ions resu ._ n_ ._,_

ionization of water. Because of their larger hydration number,H+ io:_s

carry into _he bound water phase, adjacent to the clay mineral,much

more water than t!:e original cc.unter-ions (Na+,Ca++).This water causes

the clay to swell,an effect which can only be prevented by replacing

the H+ ions with cations _xhibiting a lower hydration number.

Fortunatei: ,the present process offers a remedial _ction against

.clay swelling This cin be prevented by adding to the Syngas feed or

to _h_ cooling water {eed a small percenLage _-_ ;munonia gas,NHS,whi _-

will be injected into the reservoir,together with the steam,CH4,H2

mix+ure,increasing the Ph and the ionic strength of the steam

condensate.

The hy:iratic, n nu.mber of NH4+ ions is less !_han one tkird of that .i)fH.

__ns_q_:ently they ca_y much _ _-'= w_t,_ with _},=m than ._o :{+

io[:S .

In the non mobile water phase, _Iso called "h.,o'._:ndwaterS'of the

............ _=j._.:en% tc. the _:_;_y, t}ie ,_ollapse...... o_ the _]e::t_:cal ,_o:._b!_ lay,=r ,_ ,..,gy

_ - f],_

............ - _%-,_= _!,>w -:9.t.hs wi<)_ir, t]-,_ reservo_ - po _ space

in the mobil= water phas.e,h,$,wever,t%:e addition ,3.f'<H4. :cns to t_.e

mixture of connate water .9.hd cond_:-_sed stegm._. ,results in tl_e f.-.,rmati_.,;_

of NH4 Cl,a highly soluble salt.
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The amcur:t of NH4 i:ns required to stabilize the __lays must be

._+_:ned experimental I............ _v on ,-_=ervoi," :ore as:hplc: As:s ro.ing _: at -._. . . ....... .tc

ori61na! counter ions in the 21ays represent a Na. _,:,n ::,n:-_ntrati,:n

• _ _;,,'mation ware-, t'_ NH3 r__q_ rements forof = _0:3 --m_ in _:........ " a t:%_l

= " 5 = = R=, f, .,m i S o :_] v = " 5 _I I% 7 %,_p...'TMi_ _'-% =_ =tea_ Fa "_ ,', = ........ .,

"" _"-ed _'U - -_ne pr':._,., ,,,_3 __ream obtained by -he proc-_ s _--how[: :_n Fla. t :::sz

then be scrubbed with water az-d :.ixed with the c¢oi'ng water f ...._ --

re-vap:rizeJ and mixed with the Syngas stream upstream of the hocs-_er

"_presaor.__. .lt remains _..:_.af_-'_H_ ty heat in _'_...__._....___D,w-'_.,-_ Methan_. _._.

and becomes _ar% of "_=_,._"_n_:ectant ..._i',._,-=...___.!t will,howev____,dissolv_ _

the form.arian w_-_ _,a ,-]niensed steam mixture flow!ng ,!.,ough Lhc

_=_v_.i _....... --_ _._u..,._+ ions thus produce _ =_ ......_*_ongly aftra,oEcd by +_e

=_,-*_: -al :".-:arges :n -_he "at-: _ of the clay minerals,which become

.......... ;=_.ic)n of the cost:y

feed yreparation step,the ._z._,moniaplant still re_resents a sizable

ir:vea_r_+_.._....which.. can :.-iv,.. %e _us_:fl ___ :f -_xper.........___ s___.. _,. e :o:.

•-_-_= :_" ....=c_=--enta:iv_ ._-= =amplea :f -_he W=--- --_u _===_vo_

,__:nc'_u_--ive::-:hew t "_'_*.._.clay sw=: _._:=..___==_'<-==_='.'=_.._...... _d. cb=t_ _,'=m__,___..._

.m.eP<;_-_g.......-;_:.it"---__ab_.-,........"_ __===_v.____e __=.... _-b pe--_R: ":...../.,..._:_-' : = <hl--

.............. ___- _" -_k _ser';:i _ S"-; " =_- " _=* -rv

e:-:_e=i:.e._._ houid be iv= _n -_ ,._ .," _...................

_ . ,-

:" e ::: _ei :. : :=_ : r -m_ :-_--=;-vl' _ 5::_y£ it. -h__ % :he :?.e vg ._me -; " ; _:' _:

whi,:h .;_!-- a== Y_---- "an ---_"__'-_ "_z. ,.. _ - sir is
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. Y r, / ._ ° . . _0.5 ,: 0.2 ..=1.8 .._SCF;D Y (14 7 psia / 2 300 psia) x (890 R / 492 R)

7,675 CF/D or 1,367 B/D.

Additional drive mechanisms,at constant reservoir pressur_,in.:luc_

-swelling of oil by the rest of unrecovered Methane injected in th_

colder part of the reservoir,with an estimated incremental vc.lume <,f

2.18 _uiMSCF/D,

-thermal expansion of fluids in the heated zone,

-gravity drainage of oil from the steam injected zone.

In addition,with a pressuce draw-down applied from the well,three

more drive mechanisms come into play

-injected steam (15,370 B/D/well) and gases provide another source of

pressure support, as shown in Ref.38 (P.J.Briggs et a1.,1988),

-edge water influx from the large Cretaceous aquifer,

-cc.m_action _. the friab!_ Wes_ _ak reservoir rock

The effect of oil swelling by unrecovered Methane 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 API crude at 2,300 psia and an average temperature of

!TE, F, _he apparent density of Methane dissolved in the colder

reservoir crude is 20.5 _z'CF.The incremental volume due to that

effect is'2.18 MMSCF/D x !6 _/#.mo! /(380 c,,_,/_ mo! x 20 _ _/CFj

4 -v

4, _._8 CF/D or 798 B/D.

Thermal expansion of fluids in ti_e he.ated -,-r,_emay Le calcul_ted

frcm +_',__......incremental ";,_,fumeof th "_,=.-one. The daii:; heat __nput into "_-___._

res_r-,;_-_r,assum_ng___ <hat _'_'°'_.,,,,_. the tota, }]eat ._s l,_st_+_.._the

overb_rden is,O15 _lM_:,_u/.: x 0 8 _ _..4h/'D 4 "28 _BTU/n

The average temperature in the heated z.:-,ne is:"

(_'0_.,-_ _,,_ ) ,' 2 - °4_.,,._,r"_.,w.hi,_-,_..,_:-,_sponds.__. _ to an increase of 272 ...,= ._
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_ I se voir temperature ,, . _over .._e orig.r:ai re z" '75 F) The incremental v._lume

of the heated zone is 4 !28 MMBTU/D / (C_ x 272 5 F) ,where ._ i_ ,.....

specific heat per cubic foot of fluid-saturated reserv,z, ir.A typi-al

v_iue of Cr is .3,.,o._/CF.The incremental vol,]me per day o_ +' - ' .

=a4.......354 CF/D With o0_o porosity %he ?luid volume is •151 48_ CF TM

The therma' expansion of the ¢,ii and +_ _ ° _ ... _ " wa ....r _s abc,ut I0.% or 15, _49 C_/D

or 2,8.98 B/D.

Adding up these th_'_e volumes to that of the injected steam gives a

minimum value ,-ofthe daily total fluid production'

15,370 B/D + 2,69B B/D + 798 B/D + 1,367 B/D - 20,233 B./D. ,rounded to

20,000 __,i'D.

?'_ _ _

•_rnvity drai-=g,:,pressur_ support frcnl steam and gases,water influx

and reservoir compacticn effects cannot be predicted without

m;-)re specific :r_f=,rmation about the reservoir.

A conservati:,e esZimate of these various increments would be 2,000

to 4,000 B/D,bringing the total fluid production to the _cange of

.p T.,.-: 94,£::j,. :,/D

T?.e _,ro,luced fluids csns-'s- !a,.'g.'y ;,f wa'_r,._ _,ixt re ,:,=,_t__'.,.,

..... w!tn formation wa.er d ,=,"i,s me from ?:e .. _ ....::,t.nde _ate " ' .. ,art 1 c L regi.:n --.L??e <=,-"

'_,v tn _---it':" hydr,_=r.at£:;_=_ --.hd s,-,_.e_.. =r,=,m. _"._.... --',fie,.'__,. .-__@i,:,:,.s _-,_="_,_..._

-e_.e:,i_ us,L::,t:_e _,'_"_,t:'<'e"-e:'meah: l.:.,__4.-_:__+,_......-_,r,i_ =,:;,Jw :-_=_. u__ the W,<st

............ .. L,L" .... .'%¢_: .11_.... ,B,','e /_ _ _-:,_,_ _-,,_,0',i.:.._,.: =_ .

A ::ft.,rc c ._u:,:,::.nly :,n,_-..wn .'_r<l--_t i,.-c< f :,r c.-:,:.v_,tl,]nal ......_am n :_-,==i.:,:-.

p_<,je'z_s.. ._s +h_.._ (.;i'.'LD*__m... F.a_i,=,_. ('.:5_;), . .._c,_. a .-_u,=c_ss._._ je._._ _xs.,.g_,
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}!OrL "':r"_ _ • W'L_,'.S rl a re_ ati'ze th _ erv£ _ " _' ".n ,'_s ir _yer, t -- _:,__

,.tnreasonable to expect the OSR "-, "-_ 0. _ This w<,.,.i_ b>'{ng _e i:

_._ a -inimum value of 7,_85 -'_ i_ _," :::;r/D, :,'.:n _i'= y "....

........ % ....... 7.--.. 9:. y ....injected 6_ses "_nd _;',;.:n'_n situ hy-_*',-_,_ra _.,n. T= :_:.we,-,-, _ "; -

• ._. _ . :_ _ ,_ _ _ w _ _ . ,_ _- • _- .._ _._ _ , -

8,000 =/_' -s ,--,r, ser','_tL'.;_• °z _ ,_ - ,° - •

.,=.4-FORECAST r_.,,,__:_ RATE _-':-IM,_HE, _LOW, POTENTIAL. OF A DRAINHOLE"

The pro,_u-_'.._zon _. b.oriz:_n_a:_' drainholes,Ooh,was.... compared to that <_f.

vertical we__s'",qov, d,'ii_c:d, .n_ the same _.r,r_ati,:.n_.by S.Joshi (Ref._4).

Fcr the rese,gv,ci >g ayer ch__racteristics considered here,Qoh >- 5 Qov

%,:,v - " ....!-_o.,x .z.:,:Kt,.-_:x ._'.x (Pe-Pwf) /. ....._,-,× m,_ (La re/rw - 0 75)

We ,:ssume t?,_ _,' l,:wi_ a-':----._ :_,_ ..g v " - in the drainage area of the drainhol-

(='_-Pwf) - _0 _--,s_

W - _' "5 .4.. .,. : __roy

Kro -,9.9

h - 30 ft

Bo - !.4

*'_- - " _00 _t

rw - 7.229 ft

C,<,n.-:e.q ''-'r+'iy Q<v - _ _49 .... _- '_'



pr,spertie= of _h_ reservoir :..:,.dore -_ . .__....... - .

ro.-.,, i_ _xperi:l!_-r!ta_ d..,. -- : .... _ , v . ............... !s

.... " _ -,":F c,_-,n_id_-s _','_ _isp_cement of the he -_.+ -'.'ont After " _-

:,'ears of continuous steam injection,the _hermal front are:_ pre_i._-r.ed.

:= _9 ".m_,sq.___,c.o,'r--smondin=___ _ approximately to the drainage _r,_-.a.__-_ tw.._

drainho]es during Phase _ <"hu=f and puff" mode] Conversely, the ,-._'

d-'sp _ -,..... _'_ rate alcu.- _ , " o_B/D (rounded t,_-.8,n00 B/D).

.... end of Phase I, it was assumed that steam injection woul._! "c="

continued as a st=amflood _",..,isplacing -,il towards newly ,_-_!led

_ _. " " " - , al"p-,,-,ducti,::,nd_a_,._holes Ra'-" el to the injection drainho]es and with

a separation of about 3,:.]00 fr. The original injection wells are

assumed to b_ arranged on a square grid and all the new producer wells

a-___ _-_pected_.,.t,_._ b.- .._;,'___-_.-:.,__-_ at year _16.The steamf_ ood_ sweep _fficlency_

was =stimated_ at -._0%.Urals---_.thos-- conditions,'!-_,._ predi,_te,-I__ -_sults ,-,f_

_-._ . _j .

-_..:mf_,:_-.<,d,_,__._ durst :,-,,-,'_*-_....O to 18 7 years

- R_te ,000 B/DAverage Oil _- • S

-Average Steam.,'Oil Ratio - .3

5 "-'"_'_:_rU3 -'_''''- -"_ _:$:" N_ 4

: __,?_?" liq_d _r<,d'::czi:n fr:m _h_ _,<-!1 is es=i:::::._,: -t "::.;, '-:" --

-"_ '-"" ._./'D: with a minimum CLOt - ; _'": .... -_ '_

:,-_-_ _qu ::tream 71 :<L::=:_-t"-' v " _ :' -_ " "_ -

.- v-, " ' " " :,,f " ab • _-.: .: __ _ ._. :,._z ....... :- ' ::---: ?;L: r_qu-lre >.idi t" c,:ia .. :.rm:.L ,.-_,:: ,-,_, _.

:-_ :Z-SE '_'.%k "'-- S_ _'_;.- " r --,- ] r ,-'_ Ltse '-.. :_ '"_ _- i'29. .......... ........ _......2_ i _'e_,'-.;.:,i,"simul.:t,:.rs

- .....o *'=,__,,'e,: p-,-du_c i,?,: i_ -_*im_ _,als -," _',.'-"=_

_-)_:_- = - ._._,_ ",,te_,,_l!y _-,:r:sistent when w _ _-_ ,-_'_'=-':_,_•_.. . ...... _ - _re.2asts ................... ,_:.y _, _r ......

._ th,s.4s re isel
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I, ._:86 675

i. 393 -P("
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=_., ',S.-V [SCOSITY OF EFFLUENT =F.:OM TH%I. UED-_

I. "'_° " I =_'" = I :,45 :9 8_-)0•.. _ ,,, ...., _ _: _ _ _. - .

P-_.':;--".-,,'rSC:S:_--:[ -'-/ OF IN,]ECTED _FF!_.!JEt-4T-"

--t. _ _ -- _ , .................... _ .4. .e ,-i-,-,-,=-_If _ ,=:f th_: t,nj_',-4-ed ,-,_441,:r:,n,_;_ 2:575 p =4 a,620 _ i_:

- '-EMAL h...ig, ,j-T OF _q_:_S r.-_-':<TI]RF-_: C;3bJT-!NING HYDROGEN:;-:, _.-.:,---: i-:t:, .-. :2_:C! LJCT _ _ ",' ...........

=-- Pb*,er-,T_l mcn_,:J;i,-4-i',, y - _ ................................................. ,_ i 4:. ,--,T .:i._S _,.qi. ::.:::_ _'_-,'=:.4 _ -r ..... _,._.-_i ,q be ,J_rj. ,..,-_H ._,-,-_m

t"-:,-_'£- --,4' the :JLtca :::.:',r_,o-"£r:'t'-=,:Drr-'"_zd:ed t-".:_.t :_. "+::_,itRble mi;-::imQ ,--,_xl__ '_-.

• ; .: _.., ... , _; .. ,_ . _ .,,' ....... _ ._......................

• _ i -:. H_:5_ '-a:.%'= _ : r:: ._ , -:.. -.7 _. ..... 4.- - .-24. " , : ": "" _- .. ,:._ --' . . ,'_ "::', r, -- -- .... "", , . 4 , _- ::::, .-_ : . ....
-" i' " -" _" " :" :j :. - • L.'- .................



c_-O_.Tt,Z__ _. _-:i+,Dr_ 7 _ !.7 --i.--_.9i ,. - - i, - '.............................
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comp,-_ments: CO H2 T.=.._d,_rber,_] n-+i .-::t.:.i-,:-:

,_i,:,]. _ _-act _ ,z:,n ? _'"_ ........ _,.._, C'. 795 I. , '"':'::C'

_:T ;_:2:2F,' _ _ =i a _.=, _-_.._ 275

•'..;:: !:3.-6"cai ....c:mo.e, oK

This is iF_ _-_.,,:_]lent agreement ,_+ith the e'<perimenta! val-:e given by

...." .27 ". .............Tsed_rberg-- ,.-....- (mix) = A ::-.: (l_i -6_,"-_I/,-m s, °_"

The ,:JLs,zrepancy being less than 2%:no correction .aeed to be applied,

A. LI--EFFECT OF _ r'_'__"E,I,-__m.ATUR_ :

P_:..-rry:s-_L:_ing t-__.....e _.i_ _ be ap._iied to the experimental data

,-:-.,mpi].;ad................... t-,{ >:i-_ifh ,_R_#,34) _or pur_ r mmpm_nents a_ ,._C'°F_., , 14,7 psia,

-. " a.+.c,r +he _;+..¢m,_]._a.Scomp,g.Sl uioc,_

.-nm._,-_r,_n # s : CO H2 c',; v, ,_,-__ 4eed

,_m]. ff:r-,3.;-_ ,Tan :-; _ .... _-_ 7-73 l ,"C,r,

m,::,1 w,:_ :- ._b,t :28 2 7, _ 7 Z

k"+f _:',£7L"'.+_; I ,2 7 C (6 .' _:, :- _ Y)7:<.9 :',_ i -7 ! (': . ;' i 2

+E:'r;_.:.+-, a t _ ':' .:--->

_,_ L-7 -Er:_ECT OF F'PESSURE;

, +\ .... _4;._r-+" i = m,]...mL_-. ,-'.,"+ Le --s+:+.-:,i: L T+-,r .:-r-

+-"]=i .. ,...... ; 4-; ..- ;', +-,,-._ r.i- "'-' +,h _ + T. +.- :, I_(:'. :-")

_.,_i.:LTi /-",++-: ,--'-,,_.r+_ -- +..]i ,..;_r-+ i.-+ E'_=+4 I 7T , +-Lm --+r:+-,--=._Jr;-_ :'-_r r-_-_+'-]- ]i Di- r.................. ._ --' • : -" + - ' : -"+ r ..........................

+_r_,_............................_-_--_, -i _ .-_I-,_+; +- " 7;'- _,-_r-,.=.,-.-,q,,_.,-__ I J- -h_ _l-_+er_P..-q]. ,-,z,r+.,;!; ,.,_:i- i ..... * " c:f _",.",_'

7.,yr:,._.£_,.:i. f_-,m. ] {--_ -_+ -' .._, 2+ _9-51 _ _ ,:b_¢" _:•_, _.. +_ _ ... '-

,:",_ :.-I ¢" 1 1 _ _-_''," • ,_.... .., _........... ._ :; i+_J >" {f' +'g = ':') ' 1 _ _mtl/h 1:+" _'-- • . _ .. _ . n a...... _ n ',-

_++ -7,+__
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c c:,m..:p oF.en :.-.s _ _ 20 F.'-44 '_?--' C;O

' ..... ' _ 28 ET T 1 ;,_nt : =fn O l_ _ e i ,./j_- h I 'q , ,.".-'_ _ ....

[:::T ;914, .Tr;Eia E;TU.;'h,-;t°_: ' Thermal

.and T ' _'-:,, Conduc;,_ivity

62(i) ,:], :-i_',£,4 C',.0:$9 O. !71 .'.[_,o249 (BTU/h. ft°F)

675 -_, ':-'.'2_0 ,:-:,.,:i"5._: O: ]_77 c), _':'260

_,_o r,, ,-....... 0 "=_ c) _F: :", n?6 _ @1.4 7 psia

00 ,?. ':- '3 8 c'.., ,.-:,_.=, ,.'_ : 7 c, ..... - =/ "--' ..... _.., _ : , ' -. ',.} _.- ,.'_ --A

,-,;-; C_:,.,-)32 ! ], _c,62 C_ ". _ _ -" " -' _' =..... - - . .__, .. _ __'- ,_.__

T : k"--I: ;_.', T f P" :.r_je,zted e_ ;l_:_nt

-.,-_ _-_

_,<,_,,_. -T_-a.c _,_i r-:n -<'...t:,q'd ,-".. __'_-_ 0 o _ 1 "'" 0 _ 7:[)4 -".. ._,_.-_! <?'C,......

/r-- -.

z' .. = # _- .,c ;_-) -T,,-.

- _._,= - ...... -_--,0 .-.... ,.-._; ', ::,_3v _-,_-,';

-.. -:,_ _ .-. , -_-

.... "_ -__"_ :-.,_',T-:_

___1.__,...._<r--m-?,..... . lP- :_::[-C-,'._I_:_'_. _ , -"

_ _: _ -: _ -2 -_ E '.J t- E '3 3: ,'- _-_.LL_,_-_ -..L..F" - . : ,- _ .3,.... ::. -Lr,_ :. i " .{ ,_-. .. " : ..... ,- :..,:1'C-;r - .. " . ...: .....

,n_ _: -:_ r-_= .:,{3 _.a _ r:._.................:,- _,-4 }'1<_,T'[:]¢'_," <-'+ L;.r- F_ ,-_-&.... <,-- --_-_ m=-.C:: ' _<ir_t" n...........t-__._ .--_.- ,



r',v- T-- r_ ;_ t- "" _:_F t ' I-3 r'_ L; '-1 F" _" L_li""E ; _:1 '..._.e'_ t _ :-, ............................

Tn _C'C.*,._;_-:-:'d 1 , (')-_, 1 , 2:2 :_:'6 ? 0 F 1 , 3

T.{-.'c._,d 1,68 !Lo 81. ;36:20 r_ I., :7"

1 ° 9 9 ;9/-,-7% '-" 1 j._'

t., ? L :T;6 r-.:;0. F .i. : !. 9

I, "-.;'4 :970 (') = 1_, !. 8

-.. 1.1 "a.c._r-;O F 1 " -'-- Js ,..: -..... _ "

. T ....................... , V _'_-'_'"--"'_,,- .'=-_'rqM,.... THE E',EDS :9 2'575 psi a .._.n:4 T, :A 16- - qF_xb,_-,l , [ ND.L!CT T iT'Y' F]F ,_.: , .........._:Mi

0'_-_ _TU,.'h _4,- ':'F ;D 680 F'h £ 4.. _ _ =: {-) j,=, / ,...., _: ; ,t:'; = l i.'? _..'. ;'; {"=_'_ BTU,. ,_. "

_ _ - 05E'.2 ."_o::)687 ;9 70(') F

__,, t7 >: _.)=c"64.1 = 0,075c) :9 8(')0 F

-. r-
:_ _ T ........ r .... ; I IFtqT, o ,_7 ,_._.M# !._. CCN?:"...'-_ DF T t'iJSE ......,.EL _:FFL. :-- . - . ,. .... [ v ! ' ..............

.......... _ _;_ ..... ___,:,b/b- t. -F ;9 .., p .i._-:# :: _ _3 < ,.j,...,_.,v _.... ;...],"b,".:t, _F = 0,'-)_(';P-, _T ' " '_ _ 575 S ....:

-:nd 62(:) F

A. ! ..... "RF'E,_TFT m ...... ',J _"' "_.... _FED..... ,:, ........... "_r,H ! , ..' 0F :S , _'IG_._ ...... :

......... = _ . ._.,I E. mi'-,t..._...."e- w a.U. - -.

-" - '-' ¢_ ET.,r- ].>.!..:,:.: ,...:., r . .:.:!i , - .. / ." ...... _. ,

.. .: • . . -. -> _-._ [:- '.; __ L_
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-,,--_ { ! _, o_ Svnqas _.s:

.,. ..... -. _ ...,= _ . _ ....._ . . , ....... _ i.:.i .:3./' .. " t.':: 9.) :: _ : -"-

r" <..... . Y ..- ..- _: _. " "' £ -+ ] _f-- ,'q P 1 t .:'" -.

,-; : ;::r- t. '.--',-i !r _: z ] : . ;_:!q*. :'_.r_-,<t !".-.4 " i _ _.._r_+...

.... (_7--
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_
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-r!-._- bed eTT1L.ent _mf _I T _ c:w ,....._,_:._ !.:, _-,,- _-: -,c.,r-, _dhdc_=- .;-; .:: , - _....................... , . , .... ,, ....... ::., , y 7 ._, _.:];_,

- _ ', _ -" " _ " ,_,_--_'-;F-F m ._.q,:j :,-.,. _.-_, : ";.,-i:.,- 4- .:;,_ct_r- : :--.'__r: 100 MMSCF/D :.-: ,,, :.;6'-,,* ::: ".:,,-_o ,'+ . ....... "-' ,, .......

E' = -6=,!a _-'MSCF 'D ,' 4 --.-.14 I i _M_'F'= '_

...

t :-_,.:2 b _._-4m_j E.t _,"e ]. ,.-.,C :Lf: :" _ a r r.:.,.:

I

2._ _-_=" F :-.-.i.a ,.._,:-_(..,oF.._: _ ....l ._ .

The :_-,..:,mp'-es_.ib2] _t.. _ct"::,r _c:r s,J.ch -3 mi::..:_-,...,re.-,o_ mcl,wei :jht ' _.7%

_._2 .::_o¢3.r-,._- _ m..'_.t;_i '/ I ;',?.._E:,r-,£:r-_qL(_n_- I v _ the _.ZtLte.] v.._i_me ; [ o_ rate _b * h..-_

t-; --
OL'.t.l,:-t .,jT each :=._',- _i-.or, ,:'.T th_ b,-r,d ._._: ._. -

'.t'_ i1 _"-_-__'D / ,qA. _-;0 _/T;_ ;... ;1, _,,t's._2 .._ _.14 7/2,575) ....• ._ ,_:,:-_ .....- , _._: ..... . . ,,j . ) '-.'. (1/1,(],-) x . , .

__ a ,...: =

T._3e crzrr_.spcndinL_ :-.u::_er-; r.-i__._ low ,'_2ioc:.it'/ at the ou.tiet tar, ges

# r ,m{# ,"

- -' "_..... -' _ -'_CF/-_. / _' _ : + = ") 92 z_., ._.

v = m,c = _, 3 -:',R.--.,.'s / _ '-7, _'k = ::I. =5 '
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Dp = 0° C:04 ft ...-.'.,.""D_" = '.':':.':::'0_3 _E

-" ' _- '- -_ 778 #mo l...... h i--. ..._= l:'_r'MM._,Cr/r, '." ..',..:-,.:...,i-:.c]_ a ] "r_.._.-_-:_.;- _;_-_,.".-:,_ "-_ ." " ...-.. . -
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Contract DE-FG 01-89 CE 15446

APPENDIX 4

PRODUCTION ENGINEERING OF THE _LL AND DRAINHOLES

7. TASK No.6"CALCULATION OF PRESSURE DROPS IN VARIOUS DOWNHOLE TUBES

It was shown in Appendix 3 that the average total fluids

production expected from the horizontal drainholes associated with the

Downhole Methana_or was of the order of 18,000 to 24 000 B/D,with a

GLR of 830 SCF/B and a WOR of about 2/l.The .objective of Task No.6 is

to determine the size of the liners in the horizontal drainholes and

the size of the production tubing required to convey the produced

f!uid_ to the surface. The respective sizes of the Syngas feed tubing

concentric wi _....+_=_n_production tubing and of the water tubing,which

is concentric with the Syngas tubing,can then be determined,for the

conditi<ns .-=pecified. These are

_or *_,_-.W_'_ '£_z r,',PPER_.ANDS

j_=i a_ Depth" _ 500 ft

m__.__ _'_-'ng..__pressure___ gradient _- '_.,.8psi/ft .__ ._-'__x..... ,- 2,91 _.,ps_a

Reservoir fluid pressurePe - !,8,_0 psig - !,8!5 ::,si{:

,,=- _,-,t,-,-_.._._ .:;_ each -andh- 30 ;+

Ave-_g= 5=rmeebi _ _yw - __- .... an)" infcrmat'_-Tn c,n...... -oU rod.In the =bsen, -= -=

d:rect_,tn=_l [_ermeabiiit_=,--, :_ " .... =,• .._ :s .=ssumed th=_t Kv,'Kh '"

W=_ SAK LOWER --_'_"c

?j=ical"- Devth" a_,000 =-_

-l--
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Fracturing pressure:3,215 psia

Reservoir fluid pressure:Pe = 2,000 psia

Net thickness of sands of interest:h = 30 ft

Average Permeability:f50 md.

Assumptions "

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

(620 _, 75),.."_,- 347.5 F

_,,aZ temperature is _w 0 14 cpWater viscosity at _ - .

oteam qualzty at the water tubes exit'31%

The produced ,:,il viscosity at that temperature is estimated at I..5 __p

The oil volume factor Bo - 1.4

The tota _ --,,-,'_: ,-,: fke _.......... . __ _= :_ _.,_ ,",--= ....... ,____ .... _':_ -_._-_ini-:. _- _- " - 3 000 ft

-:-.e .,--'.-:s - the f.'-=-na£e _,'_.@ La re : ! 500 ft

7}:e Irainh,:_les in 2hase 1 are operated in "huff and puff"and are in

the production mode 50% of the time.

r,..ring _# -_.,_ :_:a=e i ,the draina=_e area of each drainho!e is 9 MM sq. ft

20,6.6 a,:.

Average fl.:,wir-g pres-=.ure "ntc, the drainhole li:-_erPwf - 860 t.'-_, !,060

.- -

. "- rRESouRE DROP IN _HE. ['RAI _'''-_.,J-_.... L!HEE

T_.,._ pressure d_,_o.___ -,,,-_ _ tc_a: :_=.-_w _,'.a,b_.... .-.,f . 0_t'"., B,'[> with =- ,.-ur_ .,;_,_

930 is _:b-_ _..... _. fr_n, t,.-_ c-r;'_-s_.or:,._£ng _:.'a_h (_ig.29) _aken frc, m

_' _f-:, - _ gth ,,_

.j, ,- =,50.ifr 7n._= -'-_'c,m_,:...,_,.f!ow_n -_ _,r,ess" r.- _, %h_ ve_=._ _al

" • " _ . , - I-1 ....... the T T_.-%.... "lr"

_,__ ps_a f_-r the =ower Sa:_as.

--0 --



_'_c -'_'''_m TU_, _'_. 3- FRESSURE DROP IN THE L_._J_,,_L : ION l_,,J

A tubin_ size of 9.5/8 in. OD (8.921 in. ID) was selec'ed Th-_

press,_._ _ drop for_ the same f±ow rate r°0,'30<].,B/D ,°o30 G _ -- -

three phase flow is again determined f_z.-'mRef.44 using -he graph ._,f

m_ ")_ "_ - =p,_./ing well head flowing pressu_,-, is__=. _:. ih_ corre ....... --

160 psia for the Upper Sands (Vertical flow deptL - ."-;,500ft),_nd

±._0 psia __;_'--*_'-_,_Lcwer Sands (Vertical _7_ow depth - 4,000 ft

in either case,the well head pressure is sufficient to discharge

the produced fluids into _ separator at I00 psia operating pressure.

To minimize tn_ outside diameter of the coup]ings,a VAM special

clearance" connection was selected, with an OD - i0. 141 in.

7.4- VERIFICATION OF STEAM DELiVEF.ABILITY

The worst case is that of the Lower Sands (Pe - 2,000 psia).

_h_ injection pressure is 2 575 psia,for the mixture of steam and

• _ b_
gases d_scharged from the Downhole Methanator. This is -_40 psi low

the fracturing pressure ,:)fthe Upper od._ds.

Th_- relative permeability to gas is Krg >- 0.6

:e,--+._ntv_scosity is ,_g - I 5'98 x Ici.-5 _z_t s - 2 °8The _-zer_ge in_ _,......... .....

The average temperature in the .drainage area is 347. 5 F - 807.5 R

The maximum flow r=_te into the .v_.s=rvoir for this pr-zssare gradient

is"

_, :.: 703 :-: .... ,_.- :: - .- , , .-' - .., -) " , _- ..... "

......._ 80 _ 5 rln (1 ,5_0 / 0.°29) - 0 75]: - !6 _'., MMoCF,,_,tD

.......... _,_+ed ks <,niy ld.q 8 "v-Sc_'/D,/well _:.rovid'r-,._T}:_ total v--_iume t,-, _._ _' j. .... " .... , ......... - =

a 7,. _,=% margin..

.J



The = in TD [zne_ of the drainho _ '• " . :_s Is therefore acceptab!_ even in

_h_ worst case

7.5--z=r_c_iON___ _. _HE, SYNGAS mEED. TUBING

Th_ 8}-nga_= feed ", w ,: the product { _n tub{_g "'"_,._,ing is concentric wit u' .... :_,=

dri=,_:_ diameter must _'-,_eed_..__he.. !0 .14 °. __n.d_ameter_ cf tb.e VAM "specia 1

,_'=arance"___ cc.uplings of %he 9.5/°.- in.produstion tubing.

A 11.8/4 in. Hydril Super FJP tubing_with an ID of !0.779- iu. and

drift ,diameter of !0.6!@ in. was sr!acted.

Its a_-nular ,:ross secti9n is 18.37 sq. in, equivalent to that of a

tub{ng_ ,of _.,9:'_,....._ Tn_o.--U-_,_CD of the coup!_ngs..... -,9 the 9 5/8 tubing _s

].0.141 in.for 'special clearance" VAM joints.This leaves a clearance

__f I0 @16 - _0 ,4_ - A _7 _- in betweer,. <he concentric pipes Besides a

_du_...... ,-,r,j._,another_dvunt_g___ _ c,_ the Hydril Super_ FJP is to provide 3

metal/metal seals to prevent leakage of the Hydrogen-rich Syngas.

The catalytic bed pressure is about 2,700 psia at the inlet of the

• _
bed._-ns_derzng.__.._ _.._ pressure__ dro_ _h,'r,ugh.__ th__ control va= ze and the

pre.tau ,'=__•_,'_,p...__hr.c:ugh_ the gas tubi.-,.g,the injection p_='____ =,___the

we_ ]-,,_-ad- m=_y :,=__=_h,_ut_.,,_g_q0_,psia.

A simple var:fixation _f the pressure drop fs -:,hta:ned wish the

,-, .,aken from ='_f 4 = (_Pl _ whi 'h g_';=s a ;_lue of

per "00 ft of about 15. Tb._ minimum temper_uur= _ _ %00 F (7{0 R).

The _zeneral =rrang_m=n+__ .... -,=:_he_ -ubing__ an,__ irainh:,!es _s +>:-._,_..=._,-,_.__

........................... =_-,__. i =_ _-,_*ed

in Khe !::rge-diRmeter ,casing be:ow the windows %hrc.<..gh whi,-_'ht},e

d-=_h_l _ i_:_=_s are ,-,-_,-ne: ,__ as_ is or= :

D,'_:'-_,-,'m.:" }":'"' "-_-'__i_m ....... p_-.oJkl3_-: ]._,-ge,'-._,-m,=_-w.............. -_ ,_--=_" ,:.'f t_-,= . ,_,_:,n tubing _ --'. ............... -

_s i_,;es z _-at_,-par_ ,_rfthe ,-_a_tc,_ zro=s _-,--_,,-,,available ;,-,-

--4--
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.no catalytic _._,_ _._._ _ength ,-,_the react.:r .-_n,_ ' ,-+_-,n......... _ _ _ .' V 11i 7 e s ':._..... . i S

esti-_-.=d at about 250 ;...LA_ _ . it .

• I gr! " "The tub:_ng en _ _s * .-_-,_- - _-_---_ " " ¢ - _0 _" "7="

_- - q_ - 5 psi_ _ _ -- _ .J . _ _ . .

,_he g _te_l se1_-_'_ed is ,_-.... - _,..... p des a .... -,pse

pressure ,of 3,070 psi6 and a burst pressare of 5,460 l:sig (well -]b-:ve

the 3,000 psia gas pressure am the we! _ head).The limiting design

parameter is the collapse press-: _=. In the event of a fa'lure of the

Syngas f_=d compressor and of par_al venting of the gas in the

t.ubing,the full pressure of water in the annular space between the

water tubing and the Syr:g]s tubing might become applicable,thus

.requiring a collapse pressure in excess of about 2,800 psig for the

gis tubing.

7 C- _TrCTION ... ,,• o___ OF THE WATER TUBING

t _inThe water .u_ g is concentric with the Syng_.s tubing Accordingly,

• _ di __"_ts intern_: ame%_ an,/ drift diameter must both be greate_ than

that .'of the H_._,y___i:__.uner. FJP coupli-g_.... of the 1!.75 in gas

t"bi'.g,w_i-h is I_ 9 _......... _, 5in.

7ts ,:;_ila-.se...-._=ssure_ must be suf_.:-'_nt to wit_sLan,i the _._;.!_

hydrostatic pressure of the Arctic :_"ack mud filling the annulus

_,=+'_==-,._.--_.. this tubing and -_-_..__arge-diameter_ _asing, _n. t'-e event _-,at_..

til.-"....."_iri _ .. _ ".....,_,_. g water pump fe.ils a::_ 9_a% ub.e water -_:.:bing empties wr:_=e

_-:"= _"_wnh<!_ "_,_+_-:a_a'-,-_":_-'_='-=izwn _-,r the r- .,_w,-," ':.-_-,_.s,t}".= h_-i=_+ -f

"_ " " _:_ f" With = maximum mud _e_sity_,.e muc cc'umn is ._,,,-_ . - - .. of I0.0

-'/_a_= _,the :ni_,imum..a _lowabi_ _,-..]_,aps_-_pressure is I,_4@, gsig.

and a ,q_ift di_,ne +_ of _2 191 in. This _eaves .-._._learance of _:=5._0"" in.

--5-



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 steel,F-ll0,w]s

selected. The collapse pressure,for a wall thickness of 0.514 in.is

2,890 psig. The tubing ID is 12.347 in.and the drift diameter is

12.19! in. Regular API couplings are preferred in this ,case where the

couplings OD : _ __s not critical in view of the large clearance avail e.b_-_

between the water tubing and the large-diameter .casing.

The flow cross section 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 149,$00 g/h / 61.2 #/CF - 2,440 CF/h or 10,428 B/D,assuming

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

ve!_city is.

2,440 CF/h / (3,600 s/h x !!.3 sq.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 drop is 3 psi/100 ft.

The _-+ r .... ,-_,_al fiction p_ssure drop _s'3 ,' lq0 x 3,750 - !I o psi

_n_ ,_scharge pressure of the water tubes in the reactor is 2 6 :'n

psia. Assumin_ that the pressure drop Dn the water" ,z__,_u_ _'

sv=_em and water con%ro] valves is, , aC psi the max':hum _,,-_.--.sure

applied by the cooling water on the external surface of the gas

tubing is o @95 + 250 _ _=_ ,9n7 /=is ,>r 3,00'-', = [:,si_ ai-_,',st equal

* _= " ' imi _ c,f .] gs g p _>_" the._,:.,..._ n,_mlna _ . ,. .. _ ,:.!00 - i r,=vi,-,us!y_,c<,nsi,J,=red_ _ -

._u_,_ng c<,!iaps_ pre<su_ mh_ system :,f concentric tubings selected

meets all condz_ions"_ for s=_=.... ,..,p__r-- a._,__on.

7.7 CRITERIA FOR THE SELEC T_ "',- ._ON OF CASI,_G SIZE

6



A 24 in. casing was selected as the best compromise between i

..I _

conflicting requirements I) a cross section sufficient to provi

about _' - - __.5 sq.ft for the cat.alyti _ bed ,-ross --_ction

o_.,a wall thickness sufficient to prevent

cci_apse_ under the r_serv_ _-- fluid_ pressure (2,000 psia).The collapse

pressure is proportional to the cube of the ratio of wall thickness t=,

diameter,thus requiring a larger wal _ thickness for a larger diameter

pipe. The proportionality factor is directly related to the Young'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.

7 _.-cv_v_NG OF THE LARGE CASING

The largest high pressure API casing suppli_i by Mannesmann

[:.ohrenwerke A.G.has a diameter of 24.5 in. ,which would be suitable for

thi=_ avplica'icn.The,_ upper part of the ca=ing,3bove= the reactor,will

always be f= l!ed with drilling mud while it is lowered into the hole

and w: _lI re_in,.._ ,'iquid-filled during cementing o;_ the casing. This

<_perati,-n. wi ]____=_,,_one.,by di sp] acemen_- _ n___the cement slurry tb_-,-=_-._.,_0_= an

ccn_--id_able_, reduction_ of the weigh+_ ._ app],ied by *"-_ ,-=:__nt_ s_urry:

durin-/ its displacement.Other advantages of this technique i:-,.c!ude

a) _.horter pumping time

.......... -,_ _ ry _ ; its _ _-,w}. reduced c,:.ntam{<]ti_,: o = the ::_-I_:_n_ slur _e or__: _i oe:_i "_

the "= = _ "_=

.._ the inside surface cf the cas_.ng remains in co_ntact wi _ :n_'_da..i

._t_ys clean.

- _ _ stab " _em_cnting shoe and ._tir,g_ _als_.F:_g. 24 shows ._.hespec_a_ - !_: ,_ ....

--7-



called stab-in unit) which are used for this operation.

7.9-PROTECTION AGAINST COLLA?SE OF THE LARGE CASING

The upper part of the casing,above the reactor is filled with Arctic

Fack mud in the _:nnulus around the 13.3/8 water casing.

Consequently,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

casing and the reactor shell.The risk of casing collapse only occurs

if the Syngas pressure is released. This may be prevented by installing

a set of two che,_.k valves,one on the reactor inlet and the other on

the outlet from the catalytic bed. Each check-valve will be pre-set to

close respectively if the upstream gas pressure falls below the valve

preset pressure value.lh that event, the reactor will shut down and

will gradually cool off under continued water injection. The gas

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

the gas coola down,but remains sufficient to prevent the casing from

collapsing.

Sh.=,u!d....the _,--._ct.,z,rhive tc, be disconn.-_.,_--_-d--_from [*_s han{er

c:_nd b.r,-.:ght :.,t,the surface for repairs,the Arctic Pa,_'k mud would first.

he :lispiaced by brine of suitable d_-nsity,w}-,.ich wc,uld be ci.,'ou!9.tei

.:,u_ an ,j replaced by fresh wa__r ___re breaking the conne ,,ion.

Ali dr_inholes would als,:, have been temz, or:._rily plugged with wire] i:,e

ret-i='.;=_,!= plu=s Z*r-'--_"_,-,breaking their ,::,_._nect[,:,nt...-.,the rea,_t.:,-

/-q

replaced by fresl_ water _.fter this seal h?_s been br<ken and while the

..... _- ,a _- , Ee,_'?<'_'L" 9, _":; _..:m

reac+or._ assembly, ir:c"u,a_ng............_be Vmive _,_,-.tion,,_.P,-_,..............n_.ctor and Cr,-,_z--.-_,-.,-er

8



Sectic_ns,hung on the water tubing is lowered into the water-filled

casing and threaded into the hanger. Water in the annulus outside the

react,or shell below the reactor hanger is displaced by pre-suriz_d

incest. gas. Conversely, water above the reactor hanger irl the c;,_sing

=_nnulus outside the water tubing is displaced by Arctic Pack mud. After

reassembling the Zyngas tubing and the production tubing,water is

disp].aced out from the annulus between the Syngas tubing and %he

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 casing is pressurized and the risk of casing

collapse while the react,f,r is in operation or being serviced is thus

eliminated.

Another risk <_f casing collapse exists during the displacement of

the cement slurry behind the casing. The weight of the slurry is about

15.4 #/gal. With a i0 #/gal mud inside the casing,the net external

f-.

_ressure applied by the cement slurry,in the case of the Lower mands

is (0.800 psi/ft - 0.519 psi/ft) x 4,000ft : i,!24 psig

Wi.h_ _ __a_ety_ f_,:tor_ c,f I .5, t,he ___quired col]apse_ or_ssu_-_..... is 1 _686

psig. T.,,meet this _-equi_-_ment with _ 24.5 in OD pipe,_ high streength

_=._ _ _s requ_ red (C-75 for s_a_l _ss pipe or X-TN = ?_" • _ ......... _or ,._W pipe) and a

wal _ .hickness of _bout I N q _n Mannesmann Ronrenwerke _ppears t,-_be

_m_ _ _ _ _,u% sever_l suppl_ers.... c_-_ly supp!i_r fo- _,-:-amless oipe of th_'s size, _

are available -'or ERW pipe of that size .and larger,mc, st :,f them are

i_:.J_pan and in Europe.

An alternative which would be wc?rth considering in _he future

is t_:e possibi _ it}" of using a stage-cementlng operation to red_._ce th_

hezgh_ of the column of cement __:luz'ry and thus r._u{ '= _ts hydrostatic

- 9--



pressure._uch an .)peration would require the :ncl'_sion in "he c_.s_.ng

string of several stab-in stage ce:nenting, collars. These are readil:;

available.

The possibility of ,ising a lower density __ement in the upper

part of the wel _ could also be investigated when more inf<rmat_,:,n

becomes ava_ilabl-- __a-ding. the _racturing: pressure g_adient._ in the

upho!e sectior .

The use of either of these two cementing alternatives would result

in significant reductions in the collapse pressure specification a_id

consequently in the casing %hickness and weight.

7.10-DES!GN OF THE REACTOR HANGER

In view of the _._r=e weight --= the reactor assembly and of the

_-ecessity of establishing a gas-tight seal b_/ween the gas-filled

annulus opposite the reac=or shell .%hd the ann..lus filled with A _-_{,_

_':ack mud a_ov_'_,-_ the reactor,e, threaded connect'on providing a rel_able

'-_'-_/metai seal is mrererred to the use ,_,:a ,:onventiona]-type iir:e_

hanger d_signefl for the _ _ ...:arge-diameter ,casing. The l_ca,_ion of i.},e

hanger --_=..__tha +........of the _onnect_o _= cf t_-= ,-_-=:-:--_',--liners wit.}< tLe

c=_s[n_/ =_re i-:n:,wn :n advance a_.i the use ,of tLe drill p_pe for

,-':-_=--._ng the caslng makes __ p,oss __e _, inser_ <-setweer_.+wt; <as _:_g

....--_-.-_i:,r:sa short joint 3o::_ini:,g _ buttress t]-:r,_J ,sn an in._*.i:.rn_]_

:.:pse_ ._ sufficient, wal _ thickne_s and length ;5 wit]-_._tand +:<-_

• _ " " . " _-_,_ _+ : _nt . idea<. r:ne,:to-" w:llnn, when sc_'ewe _ :hto t_,_ threa:__ 'xps_._ _-:. ,z,r,ov -

b,ot<_ _}-._er_=._ire,J seal -::-,d t-he _:t ...... '-t . ... . .... r___,.,ral supp,=_ ft,,-_he :'eact,_-,r

._....=._';-,"y. T_e :r.ale _-_nnec:t,:,r Lh.,',.:a_.Ji._ i_cated ...._._.e:<terna ! _p.aet

• " _ "le _+ = h-_ reat:tcr shell.w:tn respect t_c,tF,e ._,,._.s•_ Jiam_.er o_ t

-10-



Fig._ shows :n c,_n,:.ept the reactor being run-in through the c_sing

prior to mating the threaded hanger into the casing internal upset.

The internal upset thickness in the casing j<,int is typically c".5 in.

The real c:_-.nnector OD is _qual to +he casing ID,minus = p _'= _n_ '_ _ • . _ .

clearance. _nis eaves 0.375 in.for the maximum thread height.

' 7 Tr I ,-,f ._.
Conversely,the -_=acto_-_ she_l_ OD is equal to the =.._rift _- ....

cg.s_g,cppos_.+_ +'_,_ b,:_tr==s th,-_ad,minus a n 25 in cl_ar ......=

. n_.-_,,-,,^mT-_N Or THE SITE OF THE REACTOR SHELL

Fr,--m the pr,_'Ti,>us .an:_!ysis,the outside d'ameter of the reactor snel3

is then" '-24.5 - 2 × (! • 0.5) - 0.25 - 21.25 in. When the reactor is in

o_.eratic n, the gas pressures inside and outside the r_actor shell only

_ _ b the _ _,-. - -_=_er y _r __ion pressure drops ,_qu_ to the gas "low,of which a

major c,}mponent is the L-ressure drop through the catalytic beds.This

pressure drop is onzy a few I00 psi,which produces a very low s_r..._s

in the reactor shell.When the reactor is lowered into the casing or

" " =_ iled with fresh wate_ and t_pu_!ed ,out for repairs,the casing z-s ........

,o,-,_ spa .-_._)_ the .._-.a_alytic b,-d _s filled with pres=ur_,z_J _n_t

gas.a< _ typi,ra pressure o _ 1,700 psta The shell t_:. ' - _.{ thus

....... ,__ .y ,_,.,zs internal g-_= pre=s_-'re :_,.'ting :,,._y n _ z'e-_,:__ _._

..s .r.-..lJ and under, external _,ressure of I_..7 _-,sia,,:)r _,-,_.._.-* _" --""_'" '

w_ter pressure ,of 2,000 l_si_,resul-ir.g it: a ;,st .=x'_-=z';._l _,;=._..:;:re ,=

P._i _-....:-::--- Pr =ss'-_re.

z::e -l]oy ..................... ': --- --

,,;. ..,_, p_i and -. V.ung ........ _,._ _ o_,_, _ :-._ _-5 mzl!i,_,n
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• ._ '-'5 _n "_ sulf: i-ht ,.=,meet th<mepsl ':n. A sl<ell thickness ,-,,__,....

co::-'=_:ons,neglecting -he internal supp©rt mr-vialed by ,nhe ,rat_i)'s:_

par<icles tightly _oacked in=ide_ t}_e.._=he!]....,w :_-__:-_-wcu_d _,',,'-=_:==,-.-_....";'_=

rest rance tc. c::,i!zc,se by bu_k_ of the abel: Conse,auently <no =: _,_

t}-,=_- ....... " ..... that the desi_ = umpton..... -r_,l__,ur " is _C_._5 :ffl.i_!is Sfi:DwS _.. _S -.

a bed cr=,ss :_-_. _ of 9_.5 sq.ft ts not achie-/able,since <he i:,.tern:_-

_-"_=s secti_-_n of -he reactor --:-,=_,_ is only 2.225 sq. ft and inclades

not =,ni).-the anr.ular bed but als,:, ";.he system o: concen _r',- pipes

req=ired for zn_ rea,c,_ _ inter ...... __ tnese inzerna_s ,can oe _mitei

zo = --Y'_'m ii_n_e e _ ._,_ . c := --

_=_=,-_-_____._ve";.-be i-ml _.--n_-_,_._ 89 s,__.f_._..._s will co_espo,."_dingly_

.)r-_, r.L_ a _:_:_+_i< :-:a ":_--_...... -_............. '- --

u_-.=.:s ..._.=_-_ <:__.: _.,_ -_r tke _=a:_t_- ".'<eada. .-

........ ;/e. ::-_e _edu_-=d _ d _-tion anJ iT:,-_=----=d l_ngZh wi

" _.-- _m_-._:<=_,the bed to about 2o,_,-f cc,u_,'se,i::cre =-_e the gas pressure :__i_ ...... =..

=,al f_r -_wt .,.=_,..e,-_s serie=<.Tnis cc::firms _na,_ the str _ "_ t!__

reactc-r_ --},--:.= : - z__i,ze_low wher- _m__...._=a,--,-___!-- '.<, __:_-at'___ _cr_..



6! _/CF A _ /' ..... - irl. TD (_•_ ...l 4 in OD) pipe size la selected ,_o permit the

use of 1.75 in. OD wireline tools. The corresponding flow velocity is"

1 525 '_, ,_.F/h / (3,600 s/'h x 3 ......1416 sq. _n./ 144 sq. _n /'sq.f+_, 19.4 ='_./'s

T_......Reynolds number _s" 19 4 x 0 !_6_,ft x 61 _/CF / 0._9_ "0-°,_.- _,'f-_.s

- _77 000 The cor,'_sponding manning fr_ :t_on factor is n.0Oa5 and "-_

pressure drop by Fanning's equati,_-,r_is

z_P - _ .. -,, 32 _• o x 0 0045 x (61 t6 _ ' °50 / ° _7 ,o• ,, =.4) x _16 .a)2 :< ,. _ . .

psi,which is acceptable.

,._onc_n-ric with this water pipe is the feed gas #ipe. A 3 in _D p__e

produ,_-es a pressure dr.zp P_P / T(R) -" 50 psi / I00 ft ,or for 250 ft.

_en=_n and P 3 000 psi T I 085 R the pressure drop is < 65 psi.

_ _,_..._ ,J_ of this pipe,made o _ Hastelloy C,is only 3.5 in.

r-, j_ _ °_,_nr=._r_c............ with tnzs Cyngas, pioe. are the --ig_.... steam/water

s-epara_,-rs _.9_ a wat_r/st_am _._.:_..,_,_at 90 % ,:, the separator hei_P, ,_

t%--_ .... ,- =_ t'-.- each

° 4a_' CF/h / (0 .... - . . _:"-, -'- °l x 8 ) 983 8 CF/h or 122 6 gpm and the length ,-,_-

"._ =l)w path -'_ _ach separator _s about 0 9 x ('96 ft / o , - _o ._+

_" 4- ".... ,_,_,"_-ssa,'y_,-,maintai_ t_ na+ural _'_,'u!at_o ,_ ,_= wat=_ _n _.-

---_ -"" -"- 4-;'- ub- " _ is_.;ater '_s,in _._:__,_,_;._s c,::o_ed w_te -c lave _ "

_' =R -_ 'lq_ =+ 8) - *5 c =4- _,-.,

Tit" ".:e:_.d _,-<s,- due to fri,"*i,--,,in _a__.,-'_- _ "",_ 8 _ w-- _ ,_ : - _ . •

,-:-,a._ _ ,_t of wat_ Consequently the requir -,_ hea,4 _ _.,, 4-.............. _ - _Si '-_m S_ -tra 2I"

t'.thes must exceed 15 9 = _ - '_. q =" --= _ _ = ""....... : _ _= w__-er. ,_n : :ws tket

....... :_-.- =,:,--._ :ue " :, we -_- fzL,:t: ::,n r. -b.,: s z'__,_-, _ ,_,e imite,i

_-

t.,:> <=u:;u,_ _, ' =_ .-,_ ware," ,_-..'ser _-- 49 _* "n_£S_+ _ + ,,_ '- • ' .... _-,............ :.- ,_}-e :zepara _,- ,"

='"_ss''_ di_'_ = _ _ --" 10@f _) Th:-- :__- - -_- - _r_ o- -. .J m.__, . _ ,.l'O_'rmSD _',_'':= i.5 m _ DW

.*'C'.Dd S_'_"_-,__..,._.-,r:_<l:].;tI.__.}_ _',_......_,-_.L_-......_+ ,.-.,,_.___ C,.7P-_ :Si. .: ='_--..
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more than satisfies this -ondit=on. This third concentric pipe is made

of __ _ mp_ra,.ure steam,such _s qrc:.oy___c,y steel compatible winh high re, - _ "

Tp_= ! H,with a high yield strength..:n view -=__ _ _ <,,_the low str-:.ss to which

it is suhjected,t':_.e pipe OD is only 5.0 in.

F_'_--l_y.a...............fourth pipe,aJj_,_,,+_ _-_,.,th_ cat._lytic bed _nd c,:,ncentrir

with -_he steam,"wa+_r.......seoarato_ pipe p.__,_vides an an:-:u!us _=or +_---.:_-__..:,w

•--_ ,_'_= ";,_j .... _'-'_ ,'_ With _ ling water rate of 149 40<1........ _,__,_c,.tm_..,__l__. a r_a tor co,o , .'J t

_/h:the tc,ta" mass flow rate of injectant is 588,043 _/h.

Its pressure is 2,575 psia and its temperature 820 F (!,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

d-ainhole. A_P of 55 psi in the injectant col!ect_r space over the

tota _ '19@ ft) ,Dr °8 1 p=i/!O0 ft,i= acceptable.: length of the bed , , _ . - -

The fr_ction pressure gradient for this steam-rich mixture may be

obtained from Fritsche's formula.

=h.=_graph of mig.25 (taken from Ref 17) shows that a _ross-

section equivalent to tl-_at of a 5.25 in. ID pipe is sufficient. The

annulus_ between _ v,.@=._in.!D (8, in. OD) pipe and the 5.@ in. OD p_pe_

.... _' " ... _,., s a _ross section. This confirms...... _cle -,_ -- provide uch

- :<_" _ ty l,,H _ +_= _'_,_.ctor internals wi-bin a @ in.the p,:=s,-_.,, c:f Jnc ...._ing a.: ,. .......

_='_Pe,.=_=assumed in section 7 .....12.The all,:_y =teel s-__,-_,=_d.... =,or this

pipe, in direct contact with the hot catalytic bed and with its

njcrogen-rich _eed ga= is again _'- _-_ r

"_- POTE "'_ .... _....._ OPTIMIZATION• -. L__IAL FOR _:n_n_ _'

The gas pressure ,d-.-_ through the c_a!

....._'_:__;i by .:_-.:...._:__s,._=_b._.ly iaL-ger ca_a!yst ._,art_c__es (, _.p > 9.,fiO_.

_ _ _ ed _-, .-" " -:_).i _ could _iso he __du,.: _y increasing the bed cross section :n==_

. -14-



could be achieved by tapering the various concentric pipes providing

o:.e reactor internals.This tapering would reflect the gradual

consumption of cooling water from unit to unit starting from the

.eauoor 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 of the casing/reactor shell annulus,the stress iT,

the reactor shell may be changed from .-ompression (collapse) to

tension (burst).This might make it possible to reduce the wall

thickness of the reactor shell,thus saving on Hastelloy costs.

Another o_-ion,which wc.u!d maximize the bed cross section,consists

betwe in and _eactor shell as a singl =in using the annulus en cas g -

separator for the sseam and water effluent from all _nits. The steam

out!e.-_ and zhe cooling water _-i _-_._wou I,_ be _ '_........ :< ated in the reactor

head,thus eliminatir.g the need for the central water distribution tube

within the reactor. The reactor internals would then consist of only

two cc,ncentric tubings,respectively distributing the Syngas feed and

-_me_ sou i .i
--_-',_ing the _,,=_._,ts _o ,_ al I <_ b ,_,_ Thei_ c;_ater di _r

_-.._ 1,--_ ..... _ _ " _ in.__ _ --_,_:_,_.--_'.-' _'i _ess t?lan

4-

,:._ L.<.ssibility c,= d-signing "_._ water t'.._b=_:_vatem in -!_-= catalvs,_

4.1.

":'-_ _--" a set of = - _'=-_-:'_Ee s'ce?.m........ ,.orced circulat:.:n,<:_ce ,_nr,__ugh,?-igh ,_ .....

...... := ;- rr.:_ <:ir.,piifyin_ a;i _he rea.ctc.,_-;-,vestiga*_d _s a way ,_: ,.............

"'" ab;-, - 7!"°'" in _",= _,-, "=_._:-_t. mi ....... a.ut "t _ightste.zm quaii_¥ i .., u . _ ....... _"_'-," ....

_...... ".....f -he _'--ac_ a:_d also redu _simplify he -perating ,_:.,,_;',-,= _, .............

s.I i -;"- "y zl-,_e v..: _ ', _,= :_

m.__ _ _,::_=m .........+ ,-,=._ "=._,-- : -" done. The _.==u =ts_..,_y a ...................... _= =-- <,_,+__,m_,zat i_:-_nwas _--
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are reflected in the dimensions given in Table 6,which are slightly

different from those indicated in Section 7.13,and which were ,._se;,for

cost estimating purposes.

Too little information is presently ava:lable on the strength of the

rocks in the West Sak reservoir to evaluate whether the horizon%al

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

large flowing pressure gradient without excessive sand production,bl.,t

this important question should also be addressed in future studies.

7.15- CONCLUSIONS OF TASK No.6

I) The calculation of pressure drops in the flow of fluids entering

or leaving the reactor and the selection of the various tubular goods

_,%ui_=d _ the= es the technical-or _e f'ow systems _,_urther demonstrat

• _" _ *his proces_ to the West Sakfeasibility of the =_ppllc___,on o ....

o-, The _roduction _e of 18 0rf0 to 2a 000 B,'n with a GLR of 830 and

a WnR _._ about 2 may be achi_v=_ with 3 000 f_•_ _,ong horizontal

;_-_i_,_,-l_s__.,,,:..o lined_ with a 5 in. ID per=orated, liner and with a 9._/°_, in.

verzica! tubing.

.::i p_.-v_a_s a _irm techr:{ ;al basis ::_ ,== --.... s wc:rK a=s,_-. ,.............. =

....__ _ _7 _ -7-_ .:,._wnho7_ -'=,-_l-'.ti=s

- _ '; i 'Dn m I :-_.}r>=s-_ faci _ _t.i_= us_ av=_ab7_ ,=i:oy ==_ -

" _- mhi-- gr_r!y=:--=s _a.._",_,_.wm__.._..,.techno!_gie--_._ +_,._;:u,c___ technica _'s,_....

the ',-.st_--s_,m.__,t_-:enhan_-es the ,_el.___abili +v_._:= .......
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drcientand safe cernent=_ for large FLOAT SHOE COLLAR
dm'netercasing. Product No. 254-03 Product No. _L55-03

Recommended for shallowto medium
of _in depth conductor and surface casing _ FLOAT ID4OIE

. Cement displaced by drill pipe cemer_ng jobs where dmpl_ement _ No. 100-01
, Cementmixing can be terminated at volumes can be accurately controlled. Recommended for large diameter

anytime , ca=ing cernenl_ng from_ to
e Casing_ cemertt_g DAK]E]RM]_ STAB-IN _ deep a_flk:st_-= where a "shoe joint"

ixessuresconfined to drill pipe (like Fr.OAT COM,AR is required end a float _toe is needed
• =:lueezejob) Product No. 255-.02 to enhance cernen_g _,t-up mound

. No plug(s) required to get even less BAKJgt, Lg'_ QaIDE SI.IlOE the ==hoejoim".
conmmina0onand greaterdis- Product No. 102-01
Macememaccuracy _ STAB-gS

• Minimal drill-out required Recommended for large diameter _CG],Alr_IG
casing cernenting from shallow to I=UOg0FtOWFIU,4P COUJUR

• Stub-in allows 0ghter control of deep applications where a "f_oe joint" _ Fie. 255-05
cementing operation is needed to prevent over-displace-

= Stab-in takesthe gue_mo_ out of merit of cement.A float collar is desired
figuring cement volumes to remove t}m back_re device EA]I_]R]LJB_E G_JB]D_8DOE

• Scab-incuts down the _ of from the bottom of the _ng. _ No. 102-01
flashse_ng in casing due to pump- Recommended for _ where
inga large displacement volume

• When cement return appears, only II Jr lt is desired to provide an automatic fluh=utxm_u cmdrtgis rm'_ianthe I'nok_.

the volume remaining in the drill ii;. Flexiflow Collar is converted to beck-
pipehas to be clmplaced t .%: pressuredev_ by applyingpressure

• Stab-inreducespumpdisplacement _ " , "- ,_;. todrillpipeafterstabbing=ealsinto
time by cut, rig the cement volume _ Ii • collar seal bore.
needed (Conventional 20 in. casing _- "_ ,_

volume at 2,000 ft is 7 ] 0 bids of ce- I,: - -

ment. Stab-lh cemen'dng through i ' : "
4-]/2 in. drill pipe requires only ,{ -,_
28 bbL_of cement in the pipe at
2,000ft) .,,p.. ' ".= ,!..
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APPENDIX 5

OPERATING SCENARIO OF THE WEST SAK PROJECT AREA UNDER INJECTION OF

STEAM AND GASL3

8.-THREE PRODUCTION PHASES

Over a lifetime of about 30 Fears,most of the large oil fields are

subject to several different modes of exploitation,taking place

sequentially, in order to maximize oil recovery and cumulative cash

flow.

For the West Sak project,three main _hases have been assumed"

I) "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.26)

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 steamf!ood. Drainage

area of each injector'ca.14,000 ft x 6,000 ft.(see Fig.27)

3) Heat scavenging by water injection in the original (Phase I)

drainage area and re-use of the Downhole Methanators/Steam Generators

in new wells,drilled adjacent to the Phase 2 drainage area.

An alternative Phase 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 to hea_ scavenging.



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 l,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.S,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 i0 production wells in the case of

conversion to a steamflood. 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" operations 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 proble'ns with steam injection methods of oil recovery are

the tendencies towards steam fingering and steam override,which may

result in by-passing some of the oil in place. The use of horizontal

drainholes drilled in the _._ower part of the reservo_ results in the

formation of a steadily increasing steam chamber,along the sides of

which the heated oil flows downward by gravity,towards the drainhole

during its prod,_ction ( puff ) part of the cycle. _h_ advantages of

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

_., = M _,_.I_ _ Ref.46.
_J

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

successful steam flood. The steam flood fronts in the pattern shown on

Fig.27 effectively starts at a distance of about 1,500 ft from the

injection drainholes and has another 1,500 ft to travel before

reaching the producing drainho!es.Over such long distances,%he

reservoir hetereogeneities,sicous fingering and gravity segregation

are expected to make the frontal advance very irregular. The over-all

sweep efficiency of the steam and gases is assumed to drop from 70 %

in Phase ! to only 40 % in Phases 2 and 3.On 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

(Oil/Steam Ratio,a determining economic factor) will steadily decline.

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 will 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

displace i_vy <:il,its c_n_ribution to oil recovery is not

_ LOW

The Downhole Reactors,pulled out of the wells converted to water

injection,are then transferred to virgin zones outside the original

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

replacement of the catalyst and routine repairs of the internals.

With this scenario,the over-all West Sak recovery after SO years is

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

injection results in several mature Heavy Oil fields of California.

8.5-DISCUSSION

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

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

S00 sq.m__es,lt is unllkely that a suitable areal portion o _ only

about 14 sq.miles could not be found,which would correspond to the

4
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_" " ?LTr' "--'. _ :PHASE I DRAINAGE (ILCRX-LA,,_-_I,LhT.ID_)

I_ Ca. 14-.000 ft _,
ITM .n-

I I

. -- • • __ am
! •

PHASE 2 (ALTERI[ATIVE 1) :

IN-FILL DRILLING A!'.:-DR_CTOR TRANSFER

PiL_SE 2 (ALTERNATIVE 2) :

COI_V_SRSIOI_TO STEAI.] P.LOOD

PF.ASE 3 (Ti,i BOTH CA3ES) :
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--_ ca. i_, O00 FT ._

1 _ mODUCER

_'__... INJECTOR

[{&.lT EXA_IPLE OF PROJECT ARRAY (@ ROWS OF 2 INJECTORS)

N.B. WITH STAGGERED WELI_,THE ARRAY IS A PARALleLOGRAM
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MIN. INTER-WELL DISTANCE: 6,272 FT I
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DRAINAGE AREA OF DRAINHOLES IN PEASE i

R = 1,500 FT

ca. 7,000 FT






